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Abstract

This thesis contributes to the development of Lab-on-a-Chip systems that
enables reliable, rapid medical diagnostics at the point-of-care. These contri-
butions are focused on microfluidic Lab-on-a-Chip systems for sepsis diagno-
sis, autonomous sample-to-answer tests, and dried blood spot sampling.

Sepsis is a serious condition with high mortality and high costs for so-
ciety and healthcare. To facilitate rapid and effective antibiotic treatment,
improved sepsis diagnostics is needed. Diagnosis of sepsis requires the pro-
cessing of relatively large blood volumes, creating a need for novel and ef-
fective techniques for the handling of large volume flows and pressures on
chip. Components, materials, and manufacturing methods for pneumati-
cally driven Lab-on-a-Chip systems have therefore been developed in this
thesis. Microvalves, an essential component in many Lab-on-a-Chip systems
have been the focus on several of the advances: a novel elastomeric material
(Rubbery Off-Stoichiometric-Thiol-Ene-Epoxy) with low gas and liquid per-
meability; the first leak-tight vertical membrane microvalves, allowing large
channel cross-sections for high volumetric flow throughput; and novel PDMS
manufacturing methods enabling their realization. Additionally, two of the
new components developed in this thesis focus on separation of bacteria from
blood cells based on differences in particle size, and cell wall composition: in-
ertial microfluidic removal of large particles in multiple parallel microchannels
with low aspect ratio; and selective lysis of blood cells while keeping bacteria
intact. How these components, materials and methods could be used together
to achieve faster sepsis diagnostics is also discussed.

Lab-on-a-Chip tests can not only be used for sepsis, but have implications
in many point-of-care tests. Disposable and completely autonomous sample-
to-answer tests, like pregnancy tests, are capillary driven. Applying such
tests in more demanding applications has traditionally been limited by poor
material properties of the paper-based products used. A new porous material,
called “Synthetic Microfluidic Paper”, has been developed in this thesis. The
Synthetic Microfluidic Paper features well-defined geometries consisting of
slanted interlocked micropillars. The material is transparent, has a large
surface area, large porous fraction, and results in low variability in capillary
flowrates. The fact that Synthetic Microfluidic Paper can be produced with
multiple pore sizes in the same sheet enables novel concepts for self-aligned
spotting of liquids and well-controlled positioning of functional microbeads.

Diagnostic testing can also be achieved by collecting the sample at the
point-of-care while performing the analysis elsewhere. Easy collection of
finger-prick blood in paper can be performed by a method called dried blood
spots. This thesis investigates how the process of drying affects the homo-
geneity of dried blood spots, which can explain part of the variability that
has been measured in the subsequent analysis. To reduce this variability, a
microfluidic sampling chip has been developed in this thesis. The chip, which
is capillary driven, autonomously collects a specific volume of plasma from a
drop of blood, and dry-stores it in paper. After sampling, the chip can be
mailed back to a central lab for analysis.
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Sammanfattning

Arbetet i denna avhandling bidrar till tekniska framsteg för utvecklingen
av så kallade “Lab-on-a-Chip”-system som möjliggör tillförlitlig och snabb pa-
tientnära diagnostik. Teknikutvecklingen är inriktad på mikrofluidik-baserade
Lab-on-a-Chip-system för sepsisdiagnostik, självständiga prov-till-svar test
och för provtagning i hemmet.

Sepsis är ett allvarligt tillstånd med hög dödlighet och stora kostnader för
samhället och sjukvården. För att möjliggöra snabbare och effektivare anti-
biotikabehandling krävs förbättrad sepsisdiagnosik. Diagnos av sepsis kräver
bearbetning av relativt stora blodprovsvolymer, vilket skapar ett behov av
tekniker för att hantera stora vätskeflöden och tryck. Flera komponenter, ma-
terial och tillverkningsmetoder för pneumatiskt drivna Lab-on-a-Chip-system
har därför utvecklats i detta arbete. Flera av framstegen inom material och
tillverkningsmetoder är inriktade på förbättrade mikroventiler, en grundläg-
gande komponent i många Lab-on-a-Chip-system. Två av de nya komponen-
terna fokuserar på separering av bakterier från blodceller och baseras på skill-
nader i partikelstorlek och olikheter i cellväggs-sammansättning. Hur dessa
komponenter, material och metoder skulle kunna användas tillsammans för
att åstadkomma snabbare sepsisdiagnostik diskuteras också.

Lab-on-a-Chip-tester kan även användas i många andra patientnära tester
utöver sepsis. Autonoma prov-till-svar tester för engångsbruk, såsom gravidi-
tetstester, drivs av kapillärkrafter. Användningen av dessa typer av tester för
mer avancerade tillämningar har begränsats av dåliga materialegenskaper i
de cellulosabaserade produkter som används. Ett nytt poröst material, kallat
“syntetiskt papper”, har därför utvecklats i denna avhandling. Det syntetiska
pappret består av ett nätverk av repeterande väldefinierade mikrogeometrier.
Materialet är genomskinligt, har stor yta, och resulterar i låga variationer i
kapillärdrivet vätskeflöde. Det faktum att det syntetiska papperet kan till-
verkas med flera olika porstorlekar i samma ark möjliggör nya koncept för
självlinjerande vätskor och välkontrollerad placering av funktionella mikro-
partiklar.

Diagnostisk testning kan också uppnås genom patientnära provtagning
för vidare analys på centrallabb. Provtagning från ett enkelt fingerstick kan
göras med en teknik där små blodfläckar intorkas i papper. Denna avhandling
undersöker hur intorkningsprocessen påverkar homogeniteten av de torkade
blodfläckarna vilket kan förklara en del av den variabilitet som har uppmätts
i efterföljande analys. För att minska denna variabilitet har ett mikrofluidik-
baserat provtagningschip utvecklats i denna avhandling. Chippet som drivs
av kapillärkrafter samlar automatiskt upp en specifik volym plasma från en
droppe blod, och förvarar det intorkat i papper. Efter provtagning kan chippet
skickas per post till ett centrallabb för analys.
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Preface

This thesis is the result of my work as a PhD student in the field of microfluidics.
A field I entered with highflying dreams of solving important and difficult problems
for human health. The thesis is a chance to examine how far I have come – did I
at least land on a treetop?

During my PhD time I have worked with multiple projects, interdisciplinary
collaborators, and I have been fortunate to conduct my work at several different
labs. Seeing that there are many approaches to both conducting research and
writing a thesis, even within the prestigious institutes, I have felt a high degree of
freedom in constructing my thesis. A wise woman from a discipline far away from
technology once said to me:

“A thesis should make your research to more than the sum of your papers”

In reality, she said it more like ten times. Regardless, it resonated with me already
at the first cycle. By putting things into a bigger perspective, it becomes evident
how they fit together, hopefully interacting and complementing each other. That
sort of task interests me, and putting things into perspective is what I have tried
to do. In fact, in writing this thesis, I have tried to focus mostly on things that I
find interesting. That includes discussing utility of technology, solving problems,
and trying to understand the future, but excludes writing lengthy repetitions of
the already appended papers. Some of the sections and chapters in this thesis
are small historic retrospects, interesting on their own merit, but also puts recent
development into perspective.

That said, I have not aimed to make some kind of timeless and framed document,
more of a punctuation, time for a new breath, for a few projects, in a rapidly
evolving field. Now read it fast, while some of it still holds true . . .
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Goals and Objectives

Microfluidics is an active and highly multidisciplinary field of research in which the
handling of fluids in microstructured devices is applied to a variety of applications,
including inkjet printing, energy storage and conversion, biomedical research, and
medical diagnostics.

The overall objective with this thesis is to contribute to the development of
microfluidic components and Lab-on-a-Chip systems, hence, in a wider perspective,
to contribute to improved healthcare.

The types of Lab-on-a-Chip systems in focus in this thesis are:

1. Pneumatically driven microfluidic systems (described in Chapters 2 and 3).

2. Capillary driven microfluidic systems (described in Chapters 4 and 5).

3. Microfluidic sampling devices (described in Chapter 5).

The contributions are achieved through developments within the following aspects
of the field:

• Material development.

• Manufacturing method development.

• Microfluidic component development.

xi



xii GOALS AND OBJECTIVES

Graphical Overview

Figure 1 illustrates the analogy between how microfluidic technology can impact
on medical diagnostics and how microelectronics technology affects information
technology (IT). In the IT world, miniaturization of integrated circuits (ICs) allows,
on one hand, increasing the computing power of mainframe computers such as those
in large data centers, and, on the other hand, implementing functionality in mobile
electronics that was previously only available in those large data centers. Within the
field of medical diagnostics, development in the fields of microfluidics and biosensors
allows, on one hand, improving the performance of central diagnostic laboratories,
and, on the other hand, miniaturizing diagnostic tests into the format of tabletop
systems and even portable autonomous devices.

Data center PC

Electronic microchip development

Mobile phone

Wireless communication

Microfluidic chip development

Central Lab Autonomous
Lab-on-a-Chip

Lab-on-a-Chip
system

Logistics

Figure 1. Analogy between developments in the IT world and in the medical
diagnostics world. This overview is used to illustrate the role of the technology
described in each Chapter of this thesis.
Top: In IT, integrated circuit development enables functionality to move to smaller
more portable devices, as well as more powerful devices on all levels. Wireless
communication enables portable devices to use the computing power of data centers.
Bottom: In medical diagnostics, microfluidic development enables functionality to
move to smaller and distributed devices, and adds functionality to existing labs.
Microfluidics also allows logistic solutions to combine distributed sampling devices
with the versatility and analysis power of central labs.



THESIS STRUCTURE xiii

Thesis Structure

My work on microfluidic developments and their use in diagnostic lab systems,
hand-held biosensors, and sampling logistics, are each outlined in a chapter of this
thesis.

Chapter 1 provides an introduction to medical diagnostics and specifically some
of its aspects that relate to the technology developments within this thesis, i.e.
the concept and role of point-of-care-testing, blood as a sample fluid, and sepsis
diagnostics as a challenging area for improvement.

Chapter 2 provides an introduction to, and overview of, my developments in micro-
fluidic components and polymer microfabrication to enable miniaturizing diagnostic
systems.

Chapter 3 introduces and discusses my work on pressure driven microfluidic blood
sample preparation systems and how these can aid in diagnosing sepsis. This part
of the work aims at developing microfluidic technology driven devices for use in a
healthcare lab setting. Such devices often come in the format of desktop instruments
that control a disposable microfluidic cartridge, and I refer to them as “Lab-on-a-
Chip systems”.

Chapter 4 introduces and discusses my work towards improved diagnostic tests
that are entirely integrated on a single, portable chip, hence allowing for sample-
to-answer results without access to a lab facility. I refer to such systems as “au-
tonomous Lab-on-a-Chip”, and such systems are typically aimed for use in the
primary healthcare setting or for home use. Specifically, Chapter 4 focuses on my
work in material development, with the aim to improve the performance of such
autonomous Lab-on-a-Chip tests.

Chapter 5 describes my work on devices that allow for: more convenient collection
of sample outside the healthcare setting; transport of such collected sample to a
central lab; and more performant analysis of such collected sample using equipment
at the central lab. I refer to this logistic procedure as “Shipping Chips to the Lab”.

The concept of this logistic procedure in the healthcare setting is in analogy with
developments in (wireless) data transfer in the IT world: mobile terminals accessing
the computing power of central data centers via wireless communication enables
ubiquitous access to functions that require heavy computation or data access such as
instant speech-to-text, translation, or route planning. This corresponds to persons
outside the healthcare setting accessing the high-performance analytical tools of a
central lab with the aid of the logistic sample handling solutions enabled by the
miniaturized sampling devices described in this chapter.

Whereas Chapters 2-4 describe miniaturizing equipment to move from
a lab format to a chip format, Chapter 5 describes how to move chips
back to the lab.





Chapter 1

Medical Diagnostics

In this Chapter, I give an introduction to medical diagnostics and specifically some
of its aspects that relate to the technology developments within this thesis. In the
first section I give an overview of the role of medical diagnostics and point-of-care-
testing in healthcare. The second and third sections deal with blood as a sample
fluid, and sepsis diagnostics as a challenging area for improvement.

1.1 Diagnostics and healthcare

The healthcare systems of today and of the future have large challenges ahead [1].
Rising costs and an aging population with higher demand on healthcare place more
burdens on an already strained system. Providing an equal healthcare is difficult
for both western societies and emerging economies [2,3]. This calls for improvement
on many levels; appropriate diagnostics is one of them.

The development of the discipline of medicine is tightly intertwined with that
of diagnostic techniques [4]. New techniques have allowed medical discoveries and
increased understanding, and later adoption (usually with alteration of technology)
for use in practice as diagnostic tools. Following increased anatomical understand-
ing, rudimentary tools such as the stethoscope and laryngoscope improved the
doctors capability to examine basic anatomical parameters independent of patients
own experiences [4]. Other tools such as the spirometer, electrocardiograph, and
X-ray enabled the possibility to collect objective data that could also be collectively
discussed between doctors. The invention of the microscope and the development
of bacteriology and microbiology that followed, allowed physician to link disease-
causing organisms and symptoms systematically. With exceptions of a few early
chemical tests, molecular understanding of human biology has developed rapidly
over the last century, and with that, many new opportunities for molecular testing
[4, 5].

The trend of microbiological and molecular diagnostics from a laboratory lo-
gistical perspective has been two-parted. The largest trend, which has lasted for
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2 CHAPTER 1. MEDICAL DIAGNOSTICS

more than a century, is that of centralization [6]. From small laboratories where
the practitioner of the clinic performed his own experiments, trough hospital based
laboratories, towards large central labs that analyze samples from several hospi-
tals. The movement allowed higher degrees of specialization, and later, economies
of scale. The other, more recent trend, is directed in the opposite direction and
called point-of-care diagnostics, mostly focused on a specific subset of the analyses
[7, 8]. The reasons for this trend are more multifaceted. In many cases, time-to-
result is essential for timely treatment or valuable for effective organization in a
clinic. In other cases, testing in the home is preferred for privacy, convenience,
and empowerment [8–11]. The importance of patients taking active part and con-
trol of their conditions and in their own healthy physical well-being has also been
emphasized lately [12]. Last, large efforts are put into implementing point-of-care
testing in developing countries [13, 14]. In these countries, severe limitations in
infrastructure and trained personnel for both healtcare in general and for medi-
cal diagnostics makes implementations challenging, but with possibilities of large
impact for successful implementations [14,15].

When implemented correctly, point-of-care testing can provide large benefits:
saving lives [15], reducing costs and lengths of stay [16], decreasing antibiotic resis-
tance [17], and helping patients in their own homes [10].

1.2 Blood

The molecular information needed for diagnostics, often called biomarkers [18,19],
can be found in different parts of the body depending on the condition needing
analysis [20]. In general, there is a balance between how convenient and safe a
sample is to be obtained, and the diagnostic value it contains. Some of the more
convenient samples are urine, saliva, or even breath. These samples are sufficient
for some biomarkers, but not for most. Organ biopsies or cerebrospinal fluid can
contain very specific information, but requires much more skill to obtain [21–23].
Very often, blood samples provide the right balance with its rich mixture of com-
pounds and cells, acquired as it flows through the body, acting as transport system
for many substances [24]. In fact, blood samples, or more precisely, serum, plasma,
or whole blood samples, are often the gold standard for clinical diagnostics.

Examples of the different categories of biomarkers can all be found in blood
samples, from small molecules such as lipids and various metabolites, to larger
molecules such as carbohydrates, nucleic acids (DNA and RNA) and proteins [20].
The levels of these molecules or of administered drug molecules in the blood, can
provide important information about health status, potential diseases, and aiding
in finding effective treatment. The actual quantity of blood cells: red blood cells
(RBCs), different types of white blood cells (WBCs), and platelets, present in blood,
is an important indicator for a number of diseases [25]. Additional, less desired cells
in the blood stream, such as circulating tumor cells and various forms of pathogens
(described in section 1.3 below), can also contain vital diagnostic information [26].
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1.3 Sepsis diagnostics

Suspected sepsis is one of the cases where rapid diagnostics is particularly im-
portant. In Chapter 3, I discuss an approach for possible improvements in sepsis
diagnostics. This section provides a background of sepsis and its current diagnostic
procedures.

Sepsis and treatment In the EU alone, sepsis claims at least 135 000 lives/year
and is responsible for 7.6 billion EUR/year health care costs [27]. It is defined
as a whole body inflammation as response to an infection. The response is called
systematic inflammatory response syndrome (SIRS) and is characterized by several
criteria based on body temperature, breathing rate, and WBC count, and can have
other causes than an infection. Sepsis, severe sepsis, and septic shock, are defined
depending on criteria of organ dysfunction, decreased tissue levels of oxygen, and
low blood pressure [28, 29]. The infection is most commonly caused by bacteria,
but can also be caused by other pathogens such as fungi, viruses, or parasites [30].
Effective treatment is a matter of life and death. Each hour of delay of effective
treatment after documented low blood pressure have been shown to decrease the
survival rate on average 8% per hour for the following 6 hours [31].

In the case of a suspected sepsis, the clinicians have two major decisions:
whether to treat on not, and in the case of treatment, which antibiotic to choose
(e.g. broad spectrum or a more specific alternative). Reliable diagnostics provides
essential input to both these decisions. However, the current sepsis diagnostic pro-
cedures usually require several days for a complete answer as describe below.

Current sepsis diagnostics An infected blood sample typically contain 1-1000
bacteria per mL blood [32]. The low number of pathogens compared to blood
cells means that several mL of blood have to be sampled in order to ensure enough
bacteria, and that some kind of amplification technique is needed. The main ampli-
fication is provided by culturing, i.e. multiplying the number of bacteria by growth.
Table 1.1 shows a graphical overview of the procedure at a routine diagnostic lab
in Karolinska Hospital in Stockholm, as mapped in 2012 [33].

The blood sample from the patient, typically 20-30 ml, is distributed in cul-
ture bottles containing various broth mediums, monitored for microbial growth by
CO2 sensing. Growing takes usually 1-5 days, but up to 14 days for slow growing
pathogens. Following a positive blood culture, a number of identification techniques
are employed: ocular inspection, seeding on agar plates with antibiotic patches,
automatic species and susceptibility testing, and PCR-based (polymerase chain re-
action) methods for proper reporting of antibiotic resistances in accordance with
the Swedish Communicable Diseases Act [34]. These techniques are performed in
different combinations as the spectrum of suspected pathogen gets more limited.
Along this laboratory procedure the results are reported back to the clinicians, giv-
ing new input for the next round of antibiotic treatment. The total turnaround
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time (time to test results) can vary from 2 to 16 days, but normally 2-4 days.

Table 1.1. Routines for sepsis diagnostics in a laboratory at Karolinska Hospital
[33].

a)

b)

c)

Blood Culture Automatic culture sensing
(positive/negative)

Time

1-5 days
(max 14 days)

<1 hour

1-2 days

1-2 days

5-10 hours

1-2 hours

IdentificationPreparation

Manual preparation, gram stain Ocular inspection

Manual preparation, culture Susceptability, patches

Manual preparation, culture MIC-value, gradient patches

Manual preparation, purification Automatic susceptability profile

Manual preparation, PCR Gene identification (MecA)

1

2

3

4

New diagnostic technologies Due to the need for faster diagnosis of sepsis,
several approaches have been developed and tested. Inflammation biomarkers not
specific to sepsis (CRP, PCT, IL-6 and TREM-1), have been tested and might be
able to guide the treatment to some extent [35].

To speed up the analysis after positive blood cultures, MALDI-TOF-based,
and PCR-based techniques have been employed [36, 37]. MALDI-TOF (matrix-
assisted laser desorption ionization time-of-flight) relies on mass spectrometry to
differentiate species within ∼1 h, but can not yet detect antibiotic resistance. PCR-
based methods amplify and detect parts of the DNA that are specific to a panel
of pathogen species and antibiotic resistances. There are several methods on the
market with a varying panels (in terms of which, and how many different species
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they can recognize), and turnaround times of 1-3 hours [37, 38]. However, these
techniques do not eliminate the need for the time-consuming culturing step.

Lately, a number of PCR-based methods have been developed with the ap-
proach to perform PCR-based analysis directly from non-cultured blood samples,
or after shorter culturing steps [36,37]. So far, these techniques have provided vary-
ing performance, with issues specifically in limit of detection being too high, and
sensitivity and specificity too low. Most importantly, despite claimed theoretical
analysis time of 6-8 hours, the turnaround time in practice have been measured
to ∼24 h. Still, this is an important improvement in turnaround time, but one
that ideally should be pushed further. Faster sepsis diagnostics have the potential
to save lives, cut hospital costs, and decrease development of multidrug-resistant
microorganisms [17,37,39].





Chapter 2

Integrating a Lab onto a Chip:
Components and manufacturing allowing
miniaturization of diagnostic systems

Central Lab Autonomous
Lab-on-a-Chip

Lab-on-a-Chip
system

The picture above illustrates that functionality of a traditional central lab can be
realized in an automated miniaturized Lab-on-a-Chip system. Key drivers for this
development are novel microfluidic and biosensor technologies.

In this chapter I describe the microfluidic components I developed, as well as
the materials and manufacturing techniques, for pressure driven or pressure con-
trolled Lab-on-a-Chip systems. The first section provides a brief background to
microfluidics and an introduction to the microfluidic components used and deve-
loped within this thesis, including microvalves, micromixers and cell separators. I
put special emphasis on components for high volumetric throughput applications, as
a basis for the design, manufacturing and discussions in Chapter 3. The second sec-
tion overviews microfluidic manufacturing techniques and polymer materials used
in microfluidics, and highlights my contributions to this area.

2.1 Components

In Lab-on-a-Chip systems, the integrated fluidic operations are provided by a num-
ber of components, such as microchannels, flow resistances, microvalves, micromix-

7
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ers, and cell separators, which I describe in more detail in this section.

2.1.1 Actively controlled systems

A complete Lab-on-a-Chip system generally consists of a disposable chip that is in
contact with the diagnostic sample (e.g. a blood sample) and a reusable control
unit that actuates the functions on the chip.

One can make a comparison to a Nespresso coffee system, where the brewing
machine is the control unit and the coffee pod is the disposable chip. To drive the
fluid flow, the control unit applies pressure, pushing the liquid trough the chip.

Besides pressure, mechanisms to control microfluidic chips include rotation, in
which centrifugal forces drive the liquids, or electrowetting, in which the capillary
flow is controlled by electrically modifying the material surface in the chip. Each
control mechanism offers its own advantages and disadvantages, have different sets
of components to choose from, and are therefore dissimilar from a design perspec-
tive. This chapter focuses on pneumatically driven components, but some of the
basic concepts are universal across microfluidic systems.

2.1.2 Microchannels and their resistance

Microfluidic channels are used to connect various components, but are also compo-
nents in themselves. In particular, they are characterized by their fluidic resistance,
as describe in this section.

One of the key differences between the behavior of liquid in a macroscale tube
compared to that in a microchannel is the flow regime, typically being turbulent
in the former and laminar in the latter case. The flow behavior of laminar flow is
more predictable than that of turbulent flow. The flow regime is determined by
the non-dimensional Reynolds number, Re, which describes the balance between
inertial forces and viscous forces in the flow.

Re = inertial forces
viscous forces = UDhρ

µ

where ρ is the fluid density, U the fluid velocity, Dh the hydraulic diameter, and µ
the fluid viscosity. For a rectangular channel Dh = 2wh/(h + w), where w and h
are the channel width and height, respectively. For Reynolds number values below
the transitional Reynolds number, Ret ≈ 2000, flow is laminar, and at Re � 1
the flow is creeping, i.e. viscous forces dominate completely, and inertial forces
become negligible [40,41]. In laminar flow, layers of fluid flow parallel to each other,
and with no crossing streamlines. Pressure driven laminar flow in microchannels
typically exhibits a parabolic velocity profile, which means that the fluid has the
highest velocity at the centre of the channel (see Figure 2.2a). The fluid velocity
along the channel walls is close to zero due to the no-slip condition.

The fluidic resistance, R, of a channel is defined as the ratio between the pressure
difference, ∆P , between the inlet and outlet of the channel, and the volumetric flow
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rate, Q, in the channel: R = ∆P
Q . Under laminar flow conditions, R depends on

the channel geometry and the fluid viscosity µ, e.g. for rectangular channels where
w > h,

R = 12µL
wh3(1− 0.63h/w)

with L, w, and h being the channel length, width, and height, respectively.
When designing microfluidic circuits with multiple channels, the balance of flow

between parallel channels can be calculated similar to electrical circuits, by applying
Kirchoff’s rule, stating that the sum of flows to every circuit node has to be zero
(assuming incompressible fluids and channels).

2.1.3 Microvalves

Whereas microchannel resistance provides a passive control of the flowrates, mi-
crovalves provide the means to actively control the flow rate in each channel. More
importantly, valves allow closing off channels completely, which opens for a range
of microfluidic operations.

Combining multiple valves actuated in sequence can be used for on-chip pump-
ing, mixing, and metering of liquid volumes [42–45]. Combining several of those
operations allows a large number of combinatorial experiments to be automated
in parallel [46]. Implementing hundreds or even thousands of valves on a single
device to execute complex tasks is called large-scale integration. Large-scale in-
tegrated devices have been developed for fully automated cell culture screening
systems, and single-cell real-time PCR analysis [47, 48]. These tools have allowed
experiments that have contributed to fundamental biomolecular discoveries and are
envisioned as tools for future diagnostics [47,49]. The fluidic operations provided by
microvalves have enabled microfluidic sample handling and miniaturized biosensing
to be integrated in Lab-on-a-Chip diagnostic devices [50].

The most common type of microvalve used for large scale integration is the
normally open horizontal membrane microvalve [42, 51], illustrated in Figure 2.1a.
This type of valve consists of two channels, one flow channel and one pneumatic
control channel, manufactured in separate microchannel layers, and aligned on top
of each other. The channels are separated by a thin flexible membrane. When
the control channel is pressurized the membrane deflects, closing the flow channel.
To improve the leak-tightness of the horizontal membrane microvalves, the flow
channel cross-section is typically semicircular.

Despite its widespread usage, horizontal membrane microvalves are not ideal for
all applications. The manufacturing technology that ensures leak-tightness of the
valves is limited to small channel heights, hence limiting their volumetric through-
put (R ∼ h−3). The vertical membrane microvalve, introduced in Paper 3, can
provide valve cross-sections of arbitrary shape (see Figure 2.1b), allowing high vol-
umetric throughput and, at the same time, reducing the need for layer-to-layer
alignment.
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Another limiting factor for horizontal membrane microvalve is the material
in which they are normally manufactured. The material, polydimethylsiloxane
(PDMS), suffers from high sensitivity to solvents, high gas permeability, and is-
sues with absorption of small molecules [52]. Rubbery OSTE+ is an alternative
material that addresses these problems, introduced and characterized in Papers 5
and 6. The horizontal membrane microvalves manufactured in this material al-
lowed handling larger pressures without breaking, which, together with its lower
gas permeability, can be useful for high pressure and high volumetric throughput
applications. Material properties of PDMS, Rubbery OSTE+, and other materials,
is further discussed later in Chapter 2.2.2.

Vertical flow channel for valving

Vertical membrane

Flow channel

Control channel

Control chamber

Flow
channel

Flow
channel

Control
channel

Control
channel

Horizontal
membrane

Vertical
membrane

Open

Open

a b

Closed Closed

Side-view Top-view Perspective-view

Top-view

Flow

Figure 2.1. Pneumatic microvalves. (a) Horizontal membrane microvalve. (b)
Vertical membrane microvalve

2.1.4 Micromixers

Mixing of fluids is needed for chemical interactions to occur, which is necessary
in most molecular diagnostic assays. At the low Reynolds numbers of typical
microfluidic applications, turbulent mixing does not occur. Instead diffusive mix-
ing dominates, which is an inherently slow process. The Peclet number, Pe, is a
dimensionless number that describes the balance between advective transport and
diffusive transport, and is important to describe the mixing regime:

Pe = advective transport
diffusive transport = Ul

D

where U is the average fluid velocity, D the diffusion coefficient, and l is the char-
acteristic length, or the length over which the diffusion must occur for complete
mixing. The mixing in a standard T-junction is dependent only on diffusion (see
Figure 2.2c). The time required for diffusive mixing tmix ∼ l2/D, and hence the
length required for diffusive mixing Lmix ∼ lPe = Ul2/D.
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Figure 2.2. Microfluidic flow and mixing. (a-b) Microfluidic flow behavior. (c-d)
Microfluidic components for mixing.

As mentioned above, microvalves can be utilized for achieving microfluidic mix-
ing with actively controlled components. One way to accomplish mixing is to exploit
the effect of the parabolic flow profile induced Taylor dispersion (see Figure 2.2b).
In short, the concentration distribution is a smeared out in the direction of the flow,
enhancing the rate at which it spreads along that direction. This behavior can be
controlled by microvalves, as shown in Figure 2.2d [43,44].

Several microfluidic strategies have been developed for the purpose of decreas-
ing l and increasing the contact area between the species [53], e.g. by designing the
microchannel geometries so that the species are folded multiple times as they flow
along the mixing channel. One such design is the staggered herringbone mixer [54].
This mixer relies on structures for passive mixing, consisting of two sets of diagonal
ridges along one of the channel walls, oriented in two different directions. These
structures create an anisotropic hydraulic resistance, generating flows transverse
to the channel as there is less resistance to a flow along the ridges than along the
channel. Two counter-rotating helical flows, are alternated in size, as shown in the
sketch in Figure 2.2e. The result is a steady chaotic flow where stretching and
folding proceeds exponentially with traveled distance. For large Pe, this design ac-
complishes complete mixing in a channel with length Lmix ∼ λln(Pe) = λln(Ul/D)
where λ is a characteristic length determined by the mixing geometry [54]. The
efficient mixing performance and robust design, without any moving mechanical
parts, have made staggered herringbone mixers a popular component.
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2.1.5 Cell separators

The precise and deterministic manipulation of fluids offered by microfluidics can be
utilized for the challenging task of sorting particles and cells. Cells can be separated
by their biochemical properties, by their physical properties, or by the chemical
properties of their walls. Here, I describe separation by biochemical properties
shortly, explain a size-based sorting technique called inertial microfluidics, and a
method for separation of unwanted cells based on differences in chemical properties
of cell walls, called selective cell lysis.

Separation by biochemical properties Important biochemical properties are
the different types of surface molecules. By using capture molecules such as an-
tibodies or aptamers to bind to the specific biomolecules (antigens) the desired
cells can be captured selectively from the sample. The capture molecules can be
attached to the surface inside a microfluidic device such that all particles in the
sample have a large likelihood of interacting with the capture molecules [55]. For
large sample volume, this can be a time consuming approach, considering the in-
teraction time needed for binding to occur. An alternative approach is to attach
the capture molecules to magnetic beads, making collection straightforward [56,57].
However, the required amounts of capture molecules increases with the sample vol-
ume. For diagnostic applications where collection of multiple pathogens is desired
(e.g. for sepsis), multiple capture molecules are required. An alternative approach
is to develop molecules capable of capturing multiple pathogens, efforts that have
made progress lately [58,59].

Separation by physical properties Physical properties that can be the basis
for cell separation include cell size, shape, density and deformability.

Particle size provides a good basis for sorting. Microfluidic size dependent sort-
ing can be either active or passive. Active separation techniques use externally
induced forces such as magnetic [56,57], dielectric [60], optical [61] or acoustic [62]
forces and often require specific materials or electrical components in the chip.
Passive separation techniques rely purely on microfluidic phenomena and the fluid
interaction with the geometries of the chip, e.g. deterministic lateral displacement
[63,64], pinched flow fraction [65,66], and inertial microfluidics [67–69]. Most tech-
niques operate at low flow rates and Reynolds numbers (µl/min ), and decrease
in efficiency with increasing flow rates. In contrast, inertial microfluidics require
relatively high flowrates to operate (ml/min) as I describe below.

2.1.5.1 Separation by Inertial microfluidics

While many microfluidic systems operate in the laminar flow regime and in the
Stokes flow regime (Re � 1), allowing to completely ignore effect of fluid inertia,
inertial microfluidics operate in the intermediate flow range (1 < Re < 100) where
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the flow is still laminar, but inertial effects start coming into play. Inertial micro-
fluidic separation was first experimentally observed in the 1960’s in laminar pipe
flow, where particles migrated across streamlines and settled at a specific distance
from the channel wall [70].

Explanations for this migration phenomena are based on lift forces acting per-
pendicular to the channel flow in. In the direction of the channel flow however,
a sphere of radius a is dragged by Stokes drag force, Fd = 6πµaUr where Ur is
the fluid flow velocity relative to the sphere. A shear gradient induced lift force
FLS due to the curvature of the parabolic flow velocity profile directs the particle
away from the channel centre (and causes the sphere to spin like a rolling stone)
[71]. Close to the channel wall, pressure builds up between the particle and the
wall, causing a wall-induced lift force FLW , directed away from the wall (see Figure
2.3a). Equilibrium between FLS and FLW is reached at a certain distance from
the wall, usually at around one fifth of the channel diameter [72]. In channels with
circular cross-section, this results in the particles focusing evenly along the wall at
this equilibrium distance [70]. In channels with square cross-section, there are four
equilibrium positions, one at the center along each channel wall [72], and channels
with rectangular cross-sections have two equilibrium positions, located at the center
of the longer channel walls (see Figure 2.3c) [73]. The focus points at the center
of the square and rectangular channel walls are reached by first a fast migration
to a certain position from the channel wall (stage I) and a second, slower migra-
tion along the channel walls towards the center position (stage II) as illustrated in
Figure 2.3b [74, 75]. The stage I migration is explained by FLS and FLW , and the
stage II migration can, potentially, be explained by a weaker rotational induced lift
force [75,76].

Other ways of manipulating the inertial focus positions involve introducing

FLS

FLW

FS

Stage I

Flow
Stage II

ba

c

Extraction of 
middle fraction

Figure 2.3. Inertial microfluidic focusing of particles.
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transverse flow causing Stokes drag on the particles [67, 77–79] by using various
curved shaped channels. In this work, I only focus on straight channels.

The particle migration is highly dependent on the particle diameter, a, however,
the scaling of this dependence is still under active investigation. Identifying the
correct scaling laws is of importance since it determines the ultimate performance
of this type of size based particle separation, however the investigations have so far
been inconclusive but. I summarize some of the contributions below.

Early theoretical investigations suggested that the net lift force scales as FL ∝
a4. More specifically, FL = a4 U2

mρ

D2
h

fC , where Um is the maximum fluid velocity,
ρ the fluid density, and fC is a lift-coefficient that depends on the position of the
particle in the channel [71]. An experimental and numerical study, investigating
fC for larger ratios of particle size over channel diameters, found dependence of
fC on a, and FL ∝ a3, except close to the walls, where FL ∝ a6 [72]. A recent
experimental study investigating the two stages of inertial migration, found that
fC scales differently with a for the two stages of migration, effectively resulting
in FL ∝ a2 in Stage I, and FL ∝ a3 in Stage II [75]. Also, a recent theoretical
investigation developed a model implying that no universal scaling-law exist for
these type of particle migrations [80]. A yet unpublished experimental study by
the same group, supports their model and adds that the Stage I migration occurs
too fast to be studied practically in microfluidic setups [81].

Paper 1 in this thesis demonstrates separation of particles based on size in low
aspect ratio channels (see Figure 2.3) using Stage II migration, and how to increase
the volumetric throughput by using multiple parallel channels, methods further
discussed in Chapter 3.

Inertial focusing in straight channels have been used to separate several types
of cells, including cancer cells [82], yeast cells [83], and blood cells [84–86].

2.1.5.2 Separation by Selective Cell Lysis

A more crude way to separate different cells is to selectively disintegrate the unde-
sired cells. Previous microfluidic devices for lysing of RBCs while keeping WBCs
intact were based on ammonium chloride [87], pure DI-water [88, 89], or specific
lysis reagents [90]. Paper 2 describes a microfluidic method for lysing blood cells,
including most WBCs, while keeping bacteria intact, based on a combination of
a detergent and osmotic chock. The two-step process first use a mild detergent,
saponin, that lyses most of the blood cells, and then deionized water that provides
an osmotic shock, to lysing the remaining WBCs. The lysis is terminated by addi-
tion of 2x PBS, making the solution isotonic again. Mixing of the liquids is enabled
by a staggered herringbone mixer.

The selectivity of the lysis depends on the difference in cell wall composition
between human blood cells and bacterial cells, illustrated in 2.4. The outer wall
of blood cells, the cell membrane, consists of a phospholipid bilayer with embed-
ded proteins, selectively permeable to ions and organic molecules. Water can move
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Figure 2.4. Cell wall composition of (a) blood cells, (b) gram positive bacteria,
and (c) gram negative bacteria.

rapidly across the membrane through specialized channels, called aquaporins [91].
Difference between intracellular and extracellular concentration of solutes (osmo-
lality) forcing water in or out from the cell. Low extracellular osmolality leads to
cell swelling and, if sufficiently low, cell bursting.

Throughout their evolution, bacteria have been constantly exposed to harsher
external conditions and have therefore developed protection against change in envi-
ronmental conditions such as osmolality [92]. In addition to an inner cell membrane,
bacteria contain a protective exoskeleton with a rigid peptoglucan layer retaining
its shape. Gram-negative bacteria additionally have an outer cell wall providing
further protection. Gram-positive bacteria lack this outer cell wall, but instead,
their peptoglucan layer is many times thicker than that of gram-negative bacteria.

Detergents are well known to solubilize cell membranes in aqueous solutions
[93]. The hydrophilic head groups interact with the hydrogen bonds of the water
molecules making it possible to dissolve other substances that would not normally
dissolve in water. Non-ionic detergents have the ability to break lipid-lipid and
lipid-protein interactions but only limited ability to break protein-protein interac-
tions. Saponins are non-ionic detergents, have been used to lyse erythrocytes and
leukocytes [94–96]. However, when added to bacterial culture broth, saponins from
the Quillaja bark in concentrations of 0.1-1% have been shown to stimulate the
growth of Escherichia coli [97].
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2.2 Manufacturing

The development of the field of microfluidics is tightly linked to the development
of its manufacturing technologies. The advancements in silicon micromachining
allowed the manufacturing of some of the fist microfluidic devices and defining
concepts [40, 98]. As PDMS and its simple casting methods were introduced, the
field expanded rapidly [99–101].

This section first describes some of the micromanufacturing technologies avail-
able today, followed by an overview of the polymers used, including novel contri-
butions from the appended Papers in this thesis.

2.2.1 Micromanufacturing techniques

To manufacture microfluidic components or integrated Lab-on-a-Chip devices, a
common process flow is as follows: a design made using computer software is real-
ized into a mold, typically using photopatterning techniques; polymer replicas are
microstructured using the mold; which replicas are thereafter surface functionalized
and subsequently enclosed by bonding to form microchannels. Figure 2.5 provides
an overview of the manufacturing technologies described below.

Photolithographya

b

Casting Embossing

CuttingMachining

Surface functionalization

Prepolymer
Polymer
UV light

HeatBonding

3D-prining
stereo lithography

Injection molding

Reaction injection molding

Figure 2.5. Overview of polymer micromanufacturing techniques. (a) Techniques
for microstructuring. (b) Back-end processing.
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Photolithography is a method to create microstructures, inherited from the
microelectronics and MEMS manufacturing industry [102]. A thin film of light
sensitive polymer (photoresist) is applied on a surface and illuminated through
a photomask, containing a designed pattern. The light transfers the pattern to
the polymer, which is developed by dissolving the unexposed (or exposed) parts
using a solvent (developer). The resulting resist pattern can either be used as a
mask to create microstructures in the underlying material (e.g. by etching through
the bare parts of a silicon wafer) or be used as a building material to define the
desired structures. As a building material, the pattern structures can either make
up the final device, or be used as a master mold to create an inverted replica.
The latter is most common in microfluidics and efficient when multiple devices are
needed. Casting, hot embossing, injection molding, and reaction injection molding
described below, use molds that can be manufactured using photolithography.

Papers 1-5 of this thesis all use photolithographically defined molds in their
manufacturing process, while Papers 6-8 uses photolithography for direct patterning
of channels and porous materials.

Casting is the most common way to manufacture microfluidic device prototypes
in the academic research setting, as it requires low up-front capital investment
and provides short prototype iteration cycles (i.e. the time from one generation of
prototype to the next). A (elastomeric) thermoset (described in section 2.2.2) is
poured over a master mold, cured by UV or heat, removed from the master mold
when cross-linked, and bonded to a substrate to enclose the channels defined by
the mold patterns. Typical production cycle times for casting is from hours down
to 30 minutes.

The utility of casting as a rapid prototyping method is somewhat limited when
more complex microfeatures are needed, such as vertical interconnecting channels
(vias), and thin fragile membranes. Paper 4 in this thesis presents a range of novel
tools that allow both via and thin membranes to be manufactured reliably. These
techniques also enable the manufacturing of some of the key features implemented
in Papers 1 and 3.

Hot embossing involves pressing a heated master mold against a thermoplastic
block to create an invertedly shaped replica. This microstructuring technique fea-
tures shorter production cycle times than casting, but suffers from the master mold
needing to consist of silicon or a metal, resulting in increased iteration cycle time,
and from severe restrictions on available geometries [103,104].

Injection molding involves injecting a molten thermoplastic under high pres-
sure into a heated closed master mold, followed by cooling until the thermoplastic
solidifies, and subsequent demolding the replica from the master mold. Injection
molding is a well established technique for industrial scale manufacturing of macro-
scopic objects in thermoplastics that has been adopted for micromanufacturing
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[105, 106]. The technique is the most viable option for large volume production of
polymer microstructures due to its short cycling times (20 s - 2 min), but suffers
from the need for large up-front capital investments and costly process optimization.
Injection molding allows both planar and vertical channels (with some restrictions)
while casting and hot embossing normally only provide planar channels.

Reaction injection molding involves curing of thermoset prepolymer in a closed
master mold, and is a microstructuring technique that shares similarities with both
casting and injection molding. Reaction injection molding can provide vertical
channels, does not require the expensive equipment that injection molding does,
but is typically a manual process. Although curing times may vary, the cycling
time can be comparatively short (e.g. 2-10 min for OSTE+ polymer [107]).

The novel dual-sided molding techniques used Paper 3 and 4, could be con-
sidered a type of reaction injection molding, even though the monomers are not
injected per se.

Machining and cutting Machining and cutting usually starts from a solid piece
of material from which material is mechanically removed by tooling. This process
typically results in large surface roughness. There exist advanced automated ma-
chines for milling and drilling that can manufacture advanced 2.5D or even 3D
microfeatures [108]. These tools can machine a large variety of materials, such as
stiff plastics and metals, and have been utilized to manufacture molds for molding
and casting. For cutting techniques, simple cutter plotters are used to shape thin
sheets and films in desired shapes that form microchannels when assembled between
two other sheets [109].

In Paper 10 of this thesis, cutting is utilized to form the microchannels of the
microfluidic sampling device.

3D printing has received a lot of media attention lately, due to its promise to
revolutionize manufacturing [110, 111]. The term “3D printing” is used for a vari-
ety of additive manufacturing techniques usually based on extrusion, powder beds,
or stereolithography. 3D printing has been used in microfluidics to manufacture
both master molds [112] and complete devices [113]. The first 3D printer, ded-
icated to manufacture microfluidic components (based on extrusion) is expected
to be commercially available during 2016 [114]. However, until now, feature sizes
demonstrated in 3D printed microfluidic devices have been relatively large [115].
Recent advances in stereolithography allow decreased feature sizes and, especially,
increased manufacturing speed [116]. There are also examples where stereolithogra-
phy has been able to manufacture remarkably small features, however at extremely
low speeds [117]. The increase in performance of these techniques and their adop-
tion for microfluidic device manufacturing can be expected to continue and have a
large impact on the field as it allows short prototype iteration cycles and automates
device manufacturing.
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The fact that both OSTE+ and Rubbery OSTE+ (described in section 2.2.2)
have been successfully used for direct lithography and are formed by relatively
low viscosity prepolymers makes them potential candidates for stereolithographic
manufacturing (indicated by brackets in Table 2.1).

Back-end processing refers to the manufacturing steps required after the mi-
crostructuring, and includes surface functionalization, addition of fluidic ports and
interconnects, and alignment and bonding. These steps care often the most costly
and time consuming in the entire manufacturing process [105]. Surface functional-
ization can be used to block non-specific binding of proteins, provide optimal surface
energy for wetting, and attach specific biomolecules, such as antibodies. Ports are
needed to fluidically interface the outside world to the channels and interconnects
are needed to provide fluidic layer-to-layer connections between channels in mul-
tiple layer devices. Port and interconnect manufacturing is especially challenging
for devices fabricated using casting or hot embossing, as these processes normally
only provide planar structures. As most of the microstructuring processes create
open channel structures, layer bonding is needed to create enclosed channels. For
multiple layer devices, precision alignment between the layers is needed. There are
a variety of bonding techniques to choose from, depending on material choices, e.g.
thermal bonding, ultrasonic welding, plasma treatment, clamping, gluing, adhesive
films, and using off-stoichiometry polymers, each with their own advantages and
disadvantages [118].

The material developed in Paper 5 and 6 of this thesis, contains reactive groups
on its surface, which provides means for covalent textitsurface functionalization and
allows for room temperature textitbonding without the use of glue or adhesives, as
described in section 2.2.2.

Table 2.1. Comparison of common materials and their manufacturing methods
used in microfluidic component manufacturing.

Thermo-
plastics SU8 OSTE+ PDMS Rubbery

OSTE+

Lithography 3 3 3

Casting 3 3 3

Hot embossing 3

Injection molding 3

Reaction injection molding 3 3 3

Stereo lithography 3 (3) (3)

2.2.2 Polymers for microfluidics

Some common polymer materials used in microfluidic devices, and their capability
to be used in different manufacturing techniques, are listed in Table 2.1. Relevant
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material properties are summarized in Table 2.2.

Thermoplastics

Thermoplastics are the category of polymers used in commercial high volume manu-
facturing based on injection molding and hot embossing manufacturing Since ther-
moplastics consist of non-covalently cross-linked polymer chains, they melt when
heated. Thermoplastics feature good mechanical stability, optical clarity, and have
well known properties for applications in lab equipment and medical devices [105].
Thermoplastics are suitable for use with aqueous solutions, but are sensitive to
many solvents. Surface functionalization of thermoplastics is challenging, with so-
lutions for surface activation including silane or plasma treatments [119]. Common
thermoplastic polymers used for microfluidic device manufacturing are: PMMA,
PC, COC, and COP (poly(metylmethacrylate), polycarbonate, cyclic olefin copoly-
mer, and cyclic olefin polymer).

Thermosets

Thermosets are a category of polymers that solidify from a prepolymer by cross-
linking, a process that can be initiated by heat or UV-radiation. When used in
conjunction with molding or casting, thermosets have to be shaped before cross-
linking since solid cross-linked thermosets do not melt. Examples of thermosets
used in microfluidics are SU8, PDMS, NOA81, OSTE, and OSTE+.

Some thermosets have properties that classifies them as elastomers and/or pho-
toresists, which have specific applications in microfluidics and Lab-on-a-Chip. Elas-
tomers are elastic polymers, that have low Young’s modulus and high failure strain
compared to other materials (i.e. “rubbery properties”). Photoresists are photo-
sensitive thermosets that can be patterned with high accuracy by the use of UV
light.

PDMS is by far the most common polymer used for microfluidic devices in
academia, and it is also used in a few commercial products [49, 105, 120]. PDMS
provides easy manual prototype manufacturing methods, excellent replication of
microfeatures from molds, and is optically transparent. However, PDMS has sev-
eral properties that lead to problems in many applications such as high sensitivity to
solvents that causes swelling of the material, diffusion of small molecules from liquid
samples into the bulk material, unstable surface modifications, high gas permeabil-
ity, and the need for non-biocompatible bonding techniques [52, 121–123]. Specific
solutions to many of these problems have been developed, e.g. coatings inside the
microchannels that can decrease the swelling and diffusion problems [124].

To address the problems associated with PDMS, OSTE+ was recently developed as
a polymer specifically for Lab-on-a-Chip manufacturing [125]. The final mechanical
properties of OSTE+ can be tuned to be either stiff (∼2 GPa) [126], or rubbery
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Figure 2.6. Two-step polymerization process of OSTE+ and Rubbery OSTE+. (a)
The prepolymer is liquid. (b) Thiol and epoxy groups available for functionalization
and bonding. (c) Final properties with inert surfaces.

(∼3 MPa). The latter version of OSTE+ is called Rubbery OSTE+ and was
developed in Papers 5 and 6 of this thesis. The mechanical properties of Rubbery
OSTE+ were designed to be compatible with microfluidic components that rely on
the rubbery material properties for their function.

OSTE+ stands for Off-Stoichiometric-Thiol-Ene-Epoxy, and is a thermoset based
on thiol, allyl, and epoxy functionalized monomers. The material is manufactured
in a two-step polymerization process (see Figure 2.6), where the first step creates a
solid but slightly deformable material that contains reactive thiol and epoxy groups
on its surface. In this state, the material can be surface functionalized covalently,
and can be bonded permanently to most materials without the need for adhesives
or plasma. The second polymerization step completes the polymerization, result-
ing in a material with its final mechanical properties (which can be either stiff or
rubbery), with an inert surface. Fully cured OSTE+ features leak-tight seals at
bonding interfaces.

Table 2.2. Comparison of materials properties and capabilities

Thermo-
plastics SU8 OSTE+ PDMS Rubbery

OSTE+

E-modulus High High High Low Low
Gas
permeability Low Low Low High Low

Molecule
absorbtion Low Low Low High Low

Optical
transparency Transparent Transparent Transparent Transparent Transparent

Surface
functionalization Difficult Difficult Covalent Short lived Covalent

Bonding Adhesives Adhesives Covalent Plasma Covalent





Chapter 3

Chips in the Lab:
Rapid microfluidic isolation of bacteria
from blood for sepsis diagnosis

Central Lab Autonomous
Lab-on-a-Chip

Lab-on-a-Chip
system

In this chapter, I illustrate a back-of-the-envelope microdluidic system for blood
sample preparation for sepsis diagnostics. The purpose of sketching such a system
is, firstly, to elucidate the developments and potential impact of my work on inertial
microfluidic separation components and selective cell lysis components, as described
in detail in Papers 1 and 2, and, secondly, to put into perspective the specific poly-
mer microfluidic manufacturing techniques developed for chip integration, related
to Papers 3-6.

In a first section, I define the specific goals for a system that performs a task that
traditional laboratory techniques have failed to achieve: to rapidly separate bacteria
from an infected blood sample, hence circumventing the need for time-consuming
bacterial culturing. Such system would be of use in hospital central labs or even
directly in the emergency room setting if it is completely integrated with an analysis
method and if it is easy to use.

In a second section, I outline how the inertial microfluidic separation and selec-
tive cell lysis components would perform in such back-of-the-envelope microfluidic
system if they were incorporated in their current form.

In the third section, I identify key areas for future improvement towards a more
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integrated sample preparation system with better performance.
In the final section, I illustrate how the polymer microfluidic manufacturing

techniques developed within this thesis form key enablers for the improvements in
size and functionality of such system.

3.1 System requirements

As described in Chapter 1.3, there is a large need for faster sepsis diagnostics.
New diagnostic techniques such as PCR-based and MALDI-TOF-based methods
can perform the analysis from a cultured sample in ∼1 h, but the preceding culture
step requires time on the order of days. The overall goal of the system discussed in
this chapter is to provide a sample of concentrated bacteria from a infected blood
sample in significantly less time.

Goals: Specifically, the goal of the device is to output a purified bacteria sample
(∼100 µL) from an infected blood sample (10 mL), in ∼30 minutes. The purified
sample should include >90% of the input bacteria, have minimal amounts of con-
taminating human DNA (same order of magnitude as bacterial DNA or less), and
minimal amounts of remaining blood cells (<50 µL).

Estimations: The microfluidic system discussed is a theoretical exercise, relying
on “back-of-the-envelop calculations” using existing formulas from literature, a few
basic assumptions, and data from Paper 1 and 2 on component performance. The
estimated measures are: sample volume, bacteria recovery (starting with 100 bacte-
ria), human DNA (hDNA) recovery (WBCs present in the sample), RBC recovery
(in volume), pressure drop needed, and chip footprint area needed.

3.2 Integration of unmodified components

An approach for direct integration of the components as they are described in Paper
1 and Paper 2 is illustrated in Figure 3.1. The following sequential operations are
incorporated:

1. Prior to on-chip processing, an automated blood sample dilution step with
PBS is performed to reduce particle density (needed for inertial filtration).

2. Inertial focusing separates the hDNA containing WBCs into a separate waste.

3. Selective cell lysis removes the RBCs by lysis, leaving only the bacteria intact.

To achieve the desired throughput in the desired time, parallelization of both
inertial focusing and selective cell lysis components is needed (not illustrated in
Figure 3.1).
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Figure 3.1. Direct integration approach.

Table 3.1. Estimated performance of the direct integration approach.

In
fig.

Function Processed
volume
(mL)

Bacteria
quantity

hDNA
copies

RBC
volume

∆P
needed
(kPa)

Chip area
needed

a Input 10 100 5 × 107 4.5 mL

b Predilution 500 100 5 × 107 4.5 mL – –
c Inertial 500 75 2 × 106 3.4 mL 370 7 cm2

d Lysis 1500 74 2 × 106 – 4 0.6 m2

e Result 1500 74 2 × 106 – 374 0.6 m2

Results: Table 3.1 shows the expected performance of the system. Several of the
goals are not fulfilled by this unmodified integration approach. The system suffers
from several issues, specifically:

1. Too large output sample volume, due to the dilutions needed for inertial
focusing of individual particles and the additional reagents added for selective
cell lysis.

2. Too high levels of contaminating hDNA. The collection of WBCs (that contain
contaminating hDNA) is not perfect, and the number of WBCs are large.

3. Too low bacteria recovery. Some of the bacteria are lost in the middle outlet
of inertial microfluidics.

4. Large total chip area, due to the high number of parallel channels needed to
process the large volumes (∼80 channels for inertial and ∼1000 channels for
lysis). Especially large area is needed for selective cell lysis, which include a
mixing step and an on-chip incubation time.
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5. Additionally, the output sample can be expected to also include cell debris
of unknown size and amounts, which can be a problem for subsequent steps
[87,89].

These issues could potentially be addressed by altering how the components are
used (to address issues 2-5), and adding a new component (to address issue 1), as
discussed below.

3.3 Improving bacterial separation

In this section, improvements and new components are suggested and discussed,
followed by a new performance estimation for a system comprising the improve-
ments.

3.3.1 Alterations of current components

Decreasing DNA contamination by serial inertial microfluidic process-
ing. Adding several inertial focusing devices in series can increase the efficiency
of WBC removal to the required level, but would decrease the already too low
bacterial recovery. However, the latter drawback can be addressed using the next
modification.

Increasing bacteria recovery by introducing a centre flow. By introducing
a flow stream of PBS in the center of the inertial focusing channel, the focused cells
can be extracted without also extracting the smaller, non-focused cells (see Figure
3.2). Similar approaches have been demonstrated for transfer of cells between fluids
[85]. Whereas this involves adding further liquid volume, it may allow reducing the
volume required for the up-stream sample predilution.

Decreasing the chip area by optimizing mixing. The chip area in selective
cell lysis can be divided in two regions with separate scaling to area: mixing and
incubation. Decreasing the area needed for mixing can be achieved by increasing the
flow rate in each channel (hence decreasing the number of channels, n, needed) and
decreasing the size of each channel. The total area needed for mixing in multiple
parallel staggered herringbone mixers can be estimated as Amix,tot ∼ nλw ln Qtot

nDw .
The total area needed to provide a given incubation time is inversely propor-

tional to the height of the channel. Hence, large cross-sectional area channels
are preferred for incubation. However, implementing the alteration below (RBC
swelling), eliminates the need for long incubation times.

Decreasing RBC debris and chip area by selective cell swelling. The
lysis of RBC during selective cell lysis could create debris that can be difficult to
separate from the bacteria [87, 89]. At the same time, size based sorting of RBC
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from bacteria is challenging due to their limited difference in size. By using only the
osmosis step of the Selective Cell Lysis method (described in Chapter 2.1.5.2), the
per RBC cell volume can be increased from the ∼ 90fL of the biconcave disk shape,
to the ∼ 150fL of a spherical shape. The rigidity of bacterial cell walls prevents a
corresponding volumetric increase of bacteria (described in Chapter 2.1.5.2). This
increase in volume ratio between RBCs and bacteria may enable efficient inertial
separation, as illustrated in Figure 3.2. If needed for better focusing, increased
rigidity of swollen RBCs can be achieved by adding SDS to the low osmolality
liquid [127]. Channel dimensions needed for focusing swollen RBCs are estimated
using equations in literature [75]. This approach can also help removing remaining
WBCs and possibly large platelets.

3.3.2 Additional components for volume reduction

When selecting a method for the bacterial up-concentration, both on-chip and off-
chip methods should be considered.

Pneumatically driven on-chip microfluidic components, including surface based
capturing and size based methods such as inertial microfluidics, dynamic lateral
displacement (DLD), and mechanical filters, are straightforward to integrate. How-
ever, none of the methods are practical for high volumetric throughput in terms of
estimated pressure drop, risk of clogging, and performance.

Centrifugation (off-chip) is a reliable method to collect bacteria in solution based
on their density (compared to the surrounding liquid), routinely used in microbi-
ology laboratories to concentrate bacteria into pellets in the bottom of lab tubes.
Batch processing adds another step that would ideally be automated. Continuous
flow centrifuges exists for microbiology applications [128], but could possibly be im-
plemented as a disposable in a CD-format fluidic chip, which would require a rigid
spin setup allowing high spin speeds, and practical designs for bacteria collection.

All the options mentioned provide their own challenges to implement, but
centrifugation-based solutions is probably the safest bet.

3.3.3 Improved integration

The improved approach with all the above improvements incorporated is illustrated
in Figure 3.2. The first step, inertial focusing (Figure 3.2c), removes most WBCs.
Selective cell swelling (Figure 3.2d) increases the size of the RBCs, allowing RBCs
to be separated in the second round of inertial focusing (Figure 3.2e) while bacteria
passes trough. In the centrifugal up-concentration step, large liquid volumes are
separated from the bacteria. Both inertial focusing steps are performed twice to
achieve desired performance (indicated in Table 3.2).

Results: Table 3.2 shows the estimated performance of the improved design,
which show that the goals could be reached. The introduced centre flow decreases
the losses of bacteria, an acceptably low level of hDNA can be reached by serial
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Figure 3.2. Improved integration approach.

Table 3.2. Estimated performance of the approach for improved integration.

In
fig.

Function Sample
volume

Bacteria
quantity

hDNA
copies

RBC
volume

∆P
needed
(kPa)

Area
needed

a Input 10 mL 100 5 × 107 4.5 mL

b Predilution 100 mL 100 5 × 107 4.5 mL – –
c Inertial 500 mL 99 2 × 106 4.5 mL 370 17 cm2

c Inertial 600 mL 98 5 × 104 4.5 mL 370 20 cm2

d Swelling 720 mL 99 5 × 104 6.8 mL 110 50 cm2

e Inertial 1100 mL 96 1 × 103 200 µL 800 54 cm2

e Inertial 1300 mL 95 4 × 101 6 µL 800 65 cm2

f Centrifugal to 100 µL 95 4 × 101 6 µL – 1 CD

g Result 100 µL 95 40 6 µL 2500 200 cm2

+ 1 CD

concatenation of inertial sorting steps, selective cell swelling provides a sufficient
means to decrease the amount of RBC’s and their debris, and the centrifugal step
reduces the sample volume to an acceptable level.

The pressure needed to push the large volume of sample through this device in
the required time is large, setting certain requirements on pumping equipment and
the mechanical integrity of the chips and components. However, these requirements
are not unacceptably large. The 2500 kPa needed can be compared to the pressure
provided by a household Nespresso brewer (1900 kPa). The mechanical integrity
of the chip can be achieved with the right material choices, as discussed in Section
3.4.2.

The estimated 200 cm2 active chip area needed does not include interconnecting
channels between the components, channel resistances required to balance volu-
metric output in the different outlets, and possible dead space needed for practical
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design implementations. These areas can be expected to require similar space as
the active components, making the total chip area ∼400 cm2. This is an unusu-
ally large area for a microfluidic chip, e.g. 4× the area of a normal CD, making it
difficult to manufacture in a single layer. By using stacking several layers on top
of each other, as described in Section 3.4.3, the device can be made into a more
practical physical size.

Limitations: By calling the system a “back-of-the-envelope microfluidic system”
I hope to convey reasonable expectations in regards to the reliability of these cal-
culations. The most important limitations lies in the assumptions made to enable
such calculations. Most notably, the bacteria are assumed to be spherical, while
in reality, bacteria come in a large variety of shapes, most commonly spherical,
rods, and elliptical, and sometimes attached to one another. I also do not discuss
some of the other more uncommon pathogens such as yeast and fungi, which also
can have different shapes, and are often slightly larger than bacterial cells. The
bacteria are also assumed to be freely floating in the diluted plasma, i.e. not inside
or attached to blood cells. Bacteria have been observed inside blood cells, although
the diagnostic value of such occurrences is not yet known [129].
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3.4 Manufacturing prototypes

3.4.1 Requirements for Materials and Manufacturing methods

During the various stages of development, from idea, over multiple prototypes, to a
final commercial device, the demands on the manufacturing methods and materials
vary widely. For the back-of-the-envelope microfluidic system described in this
chapter, prototype versions would be required for testing and optimization of the
separate components, for testing the components in series, for planar- and 3D
parallelization (needed due to the large amount of channels), and for full on-chip
integration (and if a centrifugal step is included, chip-to-centrifuge integration).
During this process, some of the essential requirements are:

• Fast turnaround times from design to prototype, especially during early stages
of development.

• High optical transparency and/or good bonding to glass substrates, especially
during early stages of development, to enable evaluation by microscopy.

• Low material deformability to avoid non-linear fluidic resistances [130] or
changes in channel shape that would effect inertial focusing [131]. This de-
mand is especially important considering the high operational pressure re-
quired in this application.

• High layer-to-layer bond strength to guarantee device integrity despite the
high operational pressure required in this application.

• Straightforward layer-to-layer alignment and bonding, and manufacturing of
vertical fluidic connections (vias).

Major changes in materials and manufacturing should be avoided to enable
smooth transitions between the development stages, reducing time-consuming re-
development. Therefore, materials and manufacturing methods that can encompass
all the above requirements are preferable.

3.4.2 Material

A material that features all of the desired properties is OSTE+, being transparent,
having high mechanical strength (E = 2.4 GPa) [126], and high layer-to-layer bond-
strength. In terms of bond strength, OSTE+ shows no signs of delamination at
blister tests up to 800 kPa, which was the maximum of the test setup [132], which
would be sufficient for operating the back-of-the-envelope device at the 2500 kPa
needed.
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Figure 3.3. Manufacturing method for prototype development of back-of-the-
envelope microfluidic device. (a) Dual-sided molds with structures allowing align-
ment of small vias (b) OSTE+ Reaction Injection Molding. (c) Assembly by alter-
nating dual-sided microstructured layers containing the components, and flat fluidic
interposer layers.

3.4.3 Manufacturing

For the first single channel component testing, standard casting techniques with
OSTE+ provide rapid turnaround times.

When transitioning to planar- and 3D parallelization (see Figure 3.3b), OSTE+
Reaction Injection Molding [107] would be suited to allow vertical via manufactu-
ring. The large amount of channels in the device require multiple stacked layers,
with increasing risk of misalignment error with each additional layer. To minimize
this risk, a self-alignment method similar to the one presented in Paper 3 could
be adopted, where self-alignment occurs during the molding step by the use of in-
tegrated alignment features between the top and bottom mold (see Figure 3.3a).
Guiding structure integration in a transparent top mold could be realized by a top
mold consisting of SU8 on glass, or of a flexible PDMS mold. The device could con-
sist of an alternating sandwich structure of dual-sided structural layers and fluidic
interposer layers (see Figure 3.3c). The fluidic interposer layers would be flat layers



32 CHAPTER 3. CHIPS IN THE LAB

that only contain a few vertical “stem channels” that are easy to align, and that
distribute the liquids to each of the dual-sided structural layers. The latter would
contain all furcations into small branching channels, as well as all of the detailed
component features.

3.4.4 Potential commercial manufacturing

Commercial volume production of a device like this likely requires moving to in-
jection molding of thermoplastics. By already having relied on prototypes with a
high-modulus material, and using designs compatible with a manufacturing method
similar to injection molding, this transition would hopefully be relatively smooth.
Semi-manual manufacturing using OSTE+ could still be an alternative for small
batch production e.g. for clinical validation of the approach.
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Labs in autonomous Chips:
Materials allowing autonomous
diagnostic devices

Central Lab Autonomous
Lab-on-a-Chip

Lab-on-a-Chip
system

Autonomous Lab-on-a-Chip diagnostic tests are small portable devices that do not
need external equipment to function. Autonomous Lab-on-a-Chip tests encompass
all aspects of a diagnostic test: sample input, biochemical reagents, sample pumping
means, and means to output the result. The test results can be read by the user either
directly of the chip, or by use of simple reader equipment, which can be a mobile
phone, or a small dedicated reader, the latter currently being preferred for regulatory
compliance.

The most common way to drive sample fluid on autonomous Lab-on-a-Chip tests
is by the use of capillary forces1in a porous material matrix such as paper or cel-
lulose based materials. However, the properties of currently used porous materials
limit the performance of diagnostic tests. In this chapter, I introduce a new mate-
rial called “Synthetic Microfluidic Paper”, and compare its properties with those of
previous materials.

In the first section, I give an overview of the evolution of autonomous diagnostic
tests, the adoption of different materials, and the type of tests they allow, most
notably Lateral Flow Immunoassays (LFIAs).

In the second section, I outline the requirements on porous materials for use in
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capillary driven diagnostic tests, and compare existing and novel materials to those
requirements.

In the third section, I describe and compare the manufacturing methods of porous
microfluidic substrates and the manufacturing process of complete LFIA tests, with
a specific emphasis on novel manufacturing processes enabled by Synthetic Micro-
fluidic Paper.

In the last section, I describe a back-of-the-envelope device, illustrating how
Synthetic Microfluidic Paper can improve different components in a complete LFIA.

4.1 The history of paper based and capillary driven
diagnostic tests

Paper based tests have a long history [136], where their sophistication has evolved
over time, as illustrated in Table 4.1. Lately, alternative materials have been deve-
loped to fill the function of paper, while at the same time a renaissance in the use
of paper has occurred. Here, I provide an overview over this development.

The first record of cellulose based testing was noted already during the Roman
Empire by Pliny the Elder (23 AD - 79 AD), who described a papyrus-based test
to detect forged coins [137]: “The fraud may be detected using a leaf of papyrus
which has been steeped in an infusion of nut-galls: it immediately turns black when
adulterated verdigris is applied”.

The first patent on paper based testing is from 1902 [138] and patterning of
paper using paraffin started in the 30’s to enable multiple test in the same sheet
[139]. Paper dipstick tests, which are still used today, came out in the 50’s [140].
These tests consist of only one step: at the location where liquid sample is added
on the paper, which has been prepared with dried detection chemistry, a change in
color indicates the presence and/or the concentration of a specific analyte in the
sample. Today’s dipsticks usually contain multiple paper pads for multi-parameter
testing.

Separation of compounds along a paper strip was performed in 1949 using in
a capillary driven paper chromatography device [141]. In the 70’s, nitrocellulose
started to be used in molecular biology to visualize DNA in Southern blotting
[142]. Reactions and immunobinding directly on nitrocellulose followed shortly
after [143, 144]. These advances in autonomous separation of reagents and the use
of nitrocellulose is the basis for the functions of the Lateral Flow Immunoassay
(LFIA), which emerged in the 80’s [145–147], e.g. the pregnancy test [148].

A modern LFIA typically works as follows (see Figure 4.1): A liquid sample,
containing the analyte of interest, is added to the device that have two types of
reagent-containing zones. The first zone contains dried conjugate, which is capture
molecules (e.g. antibodies) coupled to colored particle (e.g colloidal gold or fluo-

1Although capillary pumping is the most common pumping system in autonomous devices,
alternatives exists, e.g. underpressure stored in degassed PDMS [133], deformed elastomers [134],
and simple pressure pumps [135].



4.1. THE HISTORY OF PAPER BASED AND CAPILLARY DRIVEN
DIAGNOSTIC TESTS 35

Table 4.1. Timeline of materials in capillary driven diagnostics [139–142,148–153].2

Nitrocellulose used for
molecular diagnostics
Southern, 1975

Commercial
Lateral Flow Device
Clearblue Easy
Unilever 1988

First polymer LFD
Triage Cardiac System
Biosite, 1999

Commercial Polymer
micropillar array LFIA
Meritas POC, 2014
Trinity Biotech

Polymer micropillar
array for Lateral Flow
Jönsson et al., 2008

Paper
chromatography
Müller, 1949

Commercial paper
dipstick for glucose
in urine
Free et al., 1957

Start of “paper
microfluidics”
Martinez et al., 2007

Autonomous multi-
step assay

Fu et al., 2012

Paraffin impregnation
for paper tests
Yagoda, 1937

(multiplex) One-step

(multiplex) One-step

Three-step

One-step

Two-step

Two-step

Two-step

1930

1940

1950

1960

1970

1980

1990

2000

2010

rescent particles). The second zones (usually in the form of two or more lines),
contains capture molecules immobilized on the surface of the material. The liq-
uid sample dissolves the conjugate, allowing binding to occur between analyte and
conjugate, as the liquid migrates along the substrate. In the second zone, the
analyte-conjugate-complexes bind to the immobilized antibodies. As the color of
the conjugate accumulates, presence of analyte indicated by a color change. Typi-
cally, a color change at the test line indicates presence of analyte, and a color change
at the control line indicates presence of conjugate, i.e. that the test is working.

At the time of writing, LFIA’s have been developed for many different analytes
within a variety of applications, including medical diagnostics, veterinary medicine,
food safety, bioterrorism, and environmental monitoring [154]. These tests are, just
like the pregnancy test, mostly qualitative, i.e. providing a yes or no answer to the
question if the analyte is present, although some are semi-quantitative, e.g. able
to distinguish between low, medium, or high concentrations of target analyte. One
of the limiting factors to move towards fully quantitative LFIA tests is the large
variability of cellulose based materials [136, 154]. These materials also limit the

2Reprinted figures adapted with permission from American Chemical Society [139, 141, 152],
Elsevier [142], Royal Society of Chemistry [151], and John Wiley and Sons [150].
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Figure 4.1. Testing with a typical Lateral Flow Immunoassay (LFIA). (a) Addition
of sample containing an analyte. (b) Binding between analyte and conjugate. (c)
Binding of analyte-conjugate-complex at the test line and binding of conjugate at
the control line and separation of unbound conjugate.

lowest concentration that can be detected.
In 2007, the approach to use patterned paper in diagnostics tests got a revival

[150]. The format was adopted by many microfluidic researchers, spurring rapid
progress since it allows very short prototype iteration cycles, realized by computer
controlled cutting and printing of hydrophobic barriers patterns [155,156]. Several
microfluidic components have been developed in the paper based format: dilution
and micromixing components [157], valves [158], complex fluidic networks [159];
and autonomous components for timing [160, 161], heating [162], signal amplifica-
tion [163], DNA purification [164]; and novel methods for reliable manual readout
[165]. This field is called “paper microfluidics”, and uses mainly paper and nitro-
cellulose in their devices [136, 166]. For LFIAs, these development has allowed the
implementation of autonomous multi-step diagnostic assays [152].

Polymer based materials for LFIA tests were introduced in the 90’s by Biosite
with the advent of its Triage Cardiac System [167], consisting of flat polymer chan-
nels that decreases batch-to-batch material variations compared to cellulose based
materials [168]. The next advancement in polymer based lateral flow tests was the
introduction of polymer micropillar arrays [151], which have higher relative sur-
face area exposed to the sample than the flat surfaces used in the Triage tests.
The Meritas POC test, commercially released in 2014, is a polymer micropillar
array based LFIA test that features the highest performance (low variation at low
concentrations) reported so far [153].

Paper 7 in this thesis, introduce a novel polymer based porous microfluidic
material, called “Synthetic Microfluidic Paper”, that consists of slanted interlocked
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micropillar arrays. Synthetic Microfluidic Paper increases the relative surface area
of the porous matrix beyond what is possible by straight micropillar arrays. Details
and properties of this material are clarified throughout the following sections.

4.2 Porous microfluidic materials

Understanding the properties of porous microfluidic substrates and how they af-
fect the performance of the diagnostic tests is needed for diagnostic test developers
to select appropriate materials, and for material developers to understand which
properties to aim for. This section first describes the requirements on porous micro-
fluidic substrate for capillary driven diagnostic tests, and thereafter compares the
existing materials according to those requirements.

4.2.1 Material requirements

The key porous substrate requirements for use in a capillary driven diagnostic device
are [154]:

• High relative surface area: A high surface area to volume ratio is desired
to increase reaction efficiency and signal intensity. Increasing the range of
surface areas and porosities for developers to choose from, providing a design
freedom that allows for more intricate device designs and optimization of
components.

• Ease and quality of surface functionalization: There are two main surface
properties required: the surface needs to be hydrophilic to allow capillary
pumping; and the surface must allow for attaching capture molecules to cre-
ate an assay. For capture molecule binding, attaching the molecules by ad-
sorption is straightforward from a manufacturing standpoint (add liquid and
dry it), but suffers from the uncontrolled direction of the capture molecules
and from weak analyte binding, limiting the overall sensitivity of the test.
Attaching capture molecules by covalent binding is not as straightforward for
manufacturing, but has the capability of directing the capture molecules and
providing a permanent bond.

• Appropriate material porosity: Together with the surface energy, the material
porosity dictates the capillary pumping speed, and hence the bioassay kinetics
as well as the overall test speed.

• Appropriate optical properties: For optical readout, the material should not
interfere with the optical signal, which can be colorimetric substances or flu-
orescent labels. Therefore, the material should be transparent, and/or have
low autofluorescence in a wide spectral range.
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• Material integrity: A fragile material limits how the material can be handled
during the whole manufacturing process. On the other hand, the capability
of using computer controlled cutting allows a very short prototype iteration
cycles, which is effective in early development [136,155].

• High control and repeatability of all of the above properties: Every man-
ufactured device needs to measure the analyte with high repeatability. The
material should therefore ideally provide identical geometries and surface che-
mical properties [154].

Table 4.2. Comparison of porous materials for capillary driven devices.3

Paper Nitrocellulose
Straight
Polymer

Micropillars

Synthetic
Microfluidic

Paper

SEM Image

Structures Random Random Regular Regular
Flow rate
repeatability Very low Low High High

Surface area Large Very large Low Medium
Surface
functionalization Adsorption Adsorption Adsorption Covalent

Optical
transparency Low Low High High

Auto-fluorescence High High Medium Medium
Mechanical
properties Bendable Fragile Stiff Bendable

4.2.2 Comparison of porous microfluidic substrates

Table 4.2 compares porous microfluidic substrates for capillary driven devices ac-
cording to their key requirements.

Paper-based materials (paper and nitrocellulose) differ substantially from poly-
mer micropillar-based materials (straight micropillars and synthetic microfluidic
paper). Paper-based materials have the advantages to have larger surface area,

3Properties in Table 4.2 are based on references [136, 151, 169–172] and Paper 7 and 8.
Reprinted images adapted with permission from Royal Society of Chemistry [151, 173], and ac-
cording to creative commons (CC) license from [174].
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and to cost less than micropillar based substrates.4 The polymer micropillar-based
materials have advantages in that they provide larger repeatability in shape and
capillary flow, offer higher transparency, and have a larger spectrum without aut-
ofluorescence. Paper-based materials have a ∼ 10 µm optical depth, while the poly-
mers are transparent. Wavelengths with negligible autofluorescence are available
>600 nm for paper-based materials and >400 nm for the polymer based options,
providing a larger spectrum to select fluorescent labels. Notable differences be-
tween the polymer micropillar-based materials is that Synthetic Microfluidic Paper
offer larger surface areas, covalent surface modifications, and have properties more
suitable for the type rapid prototyping used in “paper microfluidics”. Overall, the
polymer-based materials provide better properties for sensitive diagnostic tests, and
Synthetic Microfluidic Paper offers some additional potential benefits.

4.3 Manufacturing materials and devices

The end properties of a functional material are determined by the raw starting
materials and the manufacturing process. Similarly, the performance of LFIA tests
will highly depend on the porous substrate and the employed manufacturing pro-
cesses. In this section, I first briefly describe the manufacturing of the porous
microfluidic substrate materials, with a dedicated part for manufacturing of Syn-
thetic Microfluidic Paper and a discussion of manufacturing limitations and possi-
bilities. Thereafter, I describe the manufacturing process of complete LFIA tests,
with a specific emphasis on novel manufacturing processes enabled by Synthetic
Microfluidic Paper.

4.3.1 Manufacturing of paper-based and vertical micropillar
array microfluidic substrates

The manufacturing of paper starts with distributing pulp (a dilute suspension of
wood fibers) and additives onto a mesh where the liquid is drained, followed by
pressing and drying the material to obtain the final paper [175].

Nitrocellulose membranemanufacturing starts with spreading the compound
nitrocellulose, which is pulp treated with nitric acid, onto a supporting substrate
followed by drying [176, 177]. The nitrocellulose membrane is further chemically
modified to obtain hydrophilic surface properties. Thus, the microstructure of
paper is formed during pressing, and that of Nitrocellulose membrane during
the evaporation process, both of which are stochastic processes.

The straight micropillar arrays described above [153,170] are manufactured
by injection molding (described in Chapter 2.2.1), which is a highly repeatable
and controlled process resulting in repeatable microscale features. Limitations for

4 “cost” refers here to the mere materials cost, not to the cost of an entire LFIA device. The
latter depends on many other factors, but I choose to keep the cost of Lab-on-a-Chip tests out of
the scope of this thesis introduction.
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downscaling such micropillars lies in the demolding of thin pillars, which tend to
break or stick when made very small. Similar micropillar structures can also be
manufactured using lithography or hot embossing.

4.3.2 Manufacturing of Synthetic Microfluidic Paper

The manufacturing process of Synthetic Microfluidic Paper is based on lithography
and consists of three basic steps, depicted in Figure 4.2 (and used in Paper 7 and
8). During the patterning step (1), the slanted interlocked micropillar structure
is created using multi-directional UV-lithography in Off-stoichiometry-Thiol-Ene
photopolymer (OSTE). Collimated UV-light is reflected by four angled mirrors
through a photomask to expose the liquid OSTE prepolymer with arrays of slanted
and crossing light beams. Where exposed, the OSTE prepolymer cross-links. Dur-
ing the development step (2), uncured prepolymer is dissolved in a solvent bath,
and finally the structure is dried (3). The slanted micropillar surfaces contain free
thiol groups that can be used to covalently bind capture molecules and/or to cova-
lently bond other molecules to obtain the final desired surface properties (note that
the native OSTE surface is slightly hydrophilic with contact angle ∼65°). Until
now, we have tested two surface modification treatments with the aim to obtain
highly hydrophilic surfaces. One surface modification method provided hydroxyl
surface groups (-OH), resulting in an insert surface, and the other (yet unpublished)
modification provided free carboxyl groups (-COOH) to allow for further covalent
binding; both resulting in contact angles of ∼25°.
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Figure 4.2. Manufacturing process of Synthetic Microfluidic Paper

Scaling down the micropillar diameter and pitch beyond the ∼10µm that have
demonstrated so far should be possible. Limiting factors in downscaling are cap-
illary collapse of structures, removal of unpolymerized material, and patterning of
the small features. As shown in Paper 7, the slanted interlocked micropillar struc-
ture of Synthetic Microfluidic Paper is highly resistant against capillary collapse,
and is expected to increase its collapse resistance with downscaling. There are two
phenomena that can be expected to aid in further downscaling by photopatterning
of OSTE. Firstly, the off-stoichiometric composition of OSTE decreases diffusion
induced feature broadening during photopatterning [178, 179]. Secondly, the dif-
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ference in refractive index between the monomer mix and the polymerized OSTE
decreases scattering of light during photopolymerization [180,181].

4.3.2.1 Potential commercial manufacturing

Scaling up the manufacturing volumes for Synthetic Microfluidic Paper would re-
quire a lot of process development. One of the promising factors for up-scaling is
the fact that the critical manufacturing step, the multi-directional UV-lithography,
can be performed relatively fast, below 10 seconds for a given area.

4.3.3 Functionalization of LFIA substrates

Manufacturing of LFIA tests includes several steps: pretreatments of the substrate
materials, adding reagents, assembly, and packaging [169]. For high volume pro-
duction of cellulose-based materials, reel-to-reel processes are used, where big rolls
of materials are processed in-line and then cut into individual devices. For smaller
volume productions, during development, and for materials that are not provided
in rolls, batch processes with different levels of automation are used.

Self-aligned spotting One of the most critical and challenging aspects of manu-
facturing lateral flow immunoassays is the addition of reagents to the device [182].
Variations in this manufacturing step, ultimately limiting the overall diagnostic
limit of detection, include variability of the deposited volume of reagent per sub-
strate footprint area and variability of the line width of spotted reagents. Many
different types of liquid dispensers and spotters have been developed for both reel-
to-reel processing and batch processing. Regardless of chosen dispensing method,
there is a general trade-off between dispensing speed and accuracy. Paper 8 presents
a method for the self-aligned and auto-controlled volume spotting of reagents on
Synthetic Microfluidic Paper, by designing the material geometry in regions of
higher pillar density, and hence higher capillary pressure, that provide a well-defined
placement and volume, preventing liquid from spreading outside of these regions.

x

1mm1mm

Spotting pipette
a b c

Spotting liquid

Figure 4.3. Self aligned spotting in Synthetic Microfluidic Paper. (a) Multiple
densities in the same device, with mirrored image reflected in the substrate, side-
view. (b) Method for self aligned spotting, side-view. (c) Result of self aligned
spotting, applied at the x, top-view.
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Bead based functionalization Synthetic Microfluidic Paper also provides an
alternative approach to biofunctionalization by allowing incorporating microbead
technologies on porous microfluidic substrates. Nowadays, many newly developed
off-chip biological assays are performed on microbeads [183], i.e. the capture molecules
are attached to solid microspheres in liquid solution during the assay development
process. For adoption of the assay into a lateral flow format, one could straight-
forwardly add those beads directly at a specific location in the lateral flow device.
As shown in Figure 4.5c, this can be achieved by a bead cage design in Synthetic
Microfluidic Paper, consisting of a low pore size rectangular frame to trap the beads,
and a large poresize central area that allows an isotropic bead distribution. The
region immediately surrounding such bead cage provides the capillary forces needed
to fill the cage region with beads. Initial testing of this approach was successful
for a variety of bead-sizes, with uniform distribution of beads in the whole cage
area, and with the beads staying in place when a solution was later flown over it.
These yet unpublished results could allow faster adoption of new assays into au-
tonomous lateral flow format. This approach also allows an additional freedom in
designing the local porosity in the device, here determined by the space in-between
the microbeads.
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Figure 4.4. Bead based functionalization. (a) Design of bead cage. (b) Image
sequence during filling of functionalized beads

Another important part of the manufacturing process is the assembly step. Most
LFIAs, especially cellulose based devices, use multiple materials to provide different
qualities for the various parts of the device, which need to be assembled. Synthetic
Microfluidic Paper allows reducing the complexity of the assembly step. Design-
ing the Synthetic Microfluidic Paper with the desired qualities by using different
densities in different parts of the device reduce the number of different material
substrates needed. This should be beneficial both from a cost perspective and from
a performance perspective, because reducing manufacturing steps can be expected
to reduce the variability between devices.
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4.4 Design of a “Synthetic Microfluidic Paper”-based LFIA

This section describes a back-of-the-envelope Synthetic Microfluidic Paper-based
LFIA device to illustrate the potential of this novel porous substrate. The basic
structure of the device is based on the traditional design of a LFIA test. Figure
4.5 shows a sketch of the proposed device, including its basic parts: the sample
reservoir, blood plasma filter, conjugate pad, incubation zone, capillary pump, and
detection zones. Below I describe the role of each component, and how using
Synthetic Microfluidic Paper can potentially improve its functionality.

Sample resevoir Capillary pumpIncubation zone

Blood plasma filter Conjugate pad Detection zones

Figure 4.5. Sketch of a LFIA device based on Synthetic Microfluidic Paper

Sample reservoir In a lateral flow test, the sample is added at the sample reser-
voir. The task of the sample reservoir is to hold the desired sampling volume in
place while it is being pumped capillarily through the rest of the device. By making
this zone of larger porosity than the rest of the device, the sample can be held in
place by capillary forces, while not prohibiting the function of the capillary pump.
The desired sample reservoir volume can be designed by adjusting the width, length
or depth of this region.

Blood plasma filter For most LFIA used for medical diagnostics, analyzing
blood plasma samples is preferred over whole blood, because most reference values
in medical literature were obtained via plasma analysis. Integrating a blood plasma
filter into the device allows starting from whole blood samples, which obviates ad-
ditional plasma separation steps at the point-of-care. In capillary driven diagnostic
devices, the cost common approach for plasma filtration is mechanical filtration
by membrane filters, which withhold the blood cells while allowing plasma to pass
through. Effective blood plasma filtration requires combining pore sizes in the range
of blood cells with a large volumetric filter capacity, i.e. operation without clogging
[184]. The pore sizes required for plasma filtration in Synthetic Microfluidic Paper
are smaller than the 10 µm demonstrated so far in Paper 7 and 8. However, as
discussed in section 4.3.2, there is reason to believe to scale down the technology
sufficiently. For pore sizes smaller than RBCs, around 1-3 µm, the blood cells can
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be stopped completely [184]. For pore sizes closer to RBCs and slightly larger, the
RBCs can still be be slowed down significantly, hence providing cell-free plasma for
a significant part of the volume. The capacity of the blood filter depends on the
total surface area of the high porosity barrier. The possibility to precisely define
every interpillar distance in Synthetic Microfluidic Paper allows geometric designs
that increase the barrier area many times beyond the footprint area of the filter
component. Also, it would be straightforward to incorporated filters with different
stages of filtering.

Conjugate pad The role of the conjugate pad is to release the conjugate in
the sample, preferably at an even concentration during a given time-period. The
conjugate pad should also allow easy addition of the conjugate and longterm dry
storage. By diluting the conjugate in trehalose and other sugars, proteins are
stabilized, ensuring long term stability of the conjugate [185]. By controlling the
amount of sugars, the dissolving time can be controlled [186]. Controlled and self
aligned addition of the conjugate into a desired shape can be obtained through
self-aligned spotting, as described in section 4.3.3 above and in Paper 8.

Incubation zone The role of the incubation zone is to provide enough time for
the conjugate to react with the analytes in the sample before arriving at the detec-
tion zones. The desired time is obtained by balancing the length of the incubation
zone with the flow speed, the latter defined by the capillary pump pressure and the
total fluidic resistance of the device . The incubation zone can also be designed to
obtain desired mixing of conjugate and analyte; e.g., by decreasing the porosity,
effective mixing is increased due to Taylor dispersion.

Detection zones In the detection zone, conjugate-analyte-complexes in the liq-
uid sample bind to capture molecules attached to the solid surface. The conjugates
thus captured in the detection zone provide the detection signal. To obtain a reli-
able detection signal in the detection zone, it is important to maximize the capture
of conjugate-analyte-complexes, while minimizing capture of free conjugate. Hence,
appropriate binding kinetics of capture molecules and conjugate is essential [187],
which design forms a field of research of its own [188], but which I do not address
in this thesis.

From the porous substrate design perspective, it is important that the conjugate-
analyte-complexes interact sufficiently with the capture molecules. Such interaction
can be achieved by smart pillar designs [55], by capture molecules that do not detach
from the surface, which can be achieved by covalent binding, and by decreasing
unspecific binding between unreacted conjugate with the capture molecules, which
can be achieved by specific surface treatments developed for this purpose [189].
The covalent binding in the detection zone can be implemented through self-aligned
spotting, described in section 4.3.3 above and in Paper 8.
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For rabid adoption of new bead-based assays into this lateral flow format, the
approach for bead based functionalization into designated cage structures can be
used, as described in section 4.3.3.

Capillary pump The role of the capillary pump is to provide the capillary pres-
sure needed to pump the liquid through the entire device at a desired flow rate,
i.e. with larger capillary pressure than all upstream components. As the liquid
front propagates in the capillary pump, the effective resistance of the device in-
creases, decreasing the flow rate. By this changing flow speed, the reaction times
will vary over the course of the device’s operational time. This behavior decreases
the possibility of optimizing reaction times. A close to constant flowrate can be
obtained by two different approaches. The first approach relies on designing the
total resistance of the device to be much larger than the maximum resistance of the
capillary pump [190]. The second approach is to gradually increase the capillary
pressure in the capillary pump by gradually decreasing the porosity in the flow
direction [191]. Both these concepts are straightforward to implement in Synthetic
Microfluidic Paper.

The capillary pump also need to provide enough volumetric capacity to pump
the desired sample volume. This can be ensured by geometric design, similarly as
for the sample reservoir.

For all components except for the capillary pump, non-specific binding of the ana-
lyte should be minimized in order to not loose any signal. The free thiol groups of
the pillar surfaces can be used to for a wide range of covalent coupling chemistries
[192] that enables the possibility to use some of the proven surfaces available
[193, 194]. Several relevant surface coatings are already developed for the surface
chemistry of this material [189,195,196].





Chapter 5

Shipping Chips to the Lab:
Microfluidics allowing autonomous
high-quality blood sampling

Central Lab Autonomous
Lab-on-a-Chip

Lab-on-a-Chip
system

This chapter describes microfluidic techniques for precise sample preparation at the
point of care, that can be combined with the powerful tools in a central bioanalysis
lab. The interconnection of the two is kindly offered by world-leading companies
such as DHL, FedEX, and Svenska Posten AB at competitive pricing.

The approach introduced in this chapter differs from the more conventional Lab-
on-a-Chip devices for sample analysis at the point of care in that the analysis is
completely separated from the microfluidic device. For many types of analytical
measurements, creating a dedicated device is simply not of interest. This is es-
pecially true where a limited need for fast time-to-result does not motivate costs
related to miniaturized analysis methods.

In the first section of the chapter, I give an overview the use of Dried Blood
Spots (DBS) as alternative sampling method for use in point-of-care settings. In
the second section, I outline the main problems for reliable analysis of DBS samples.
In the third section, I describe how microfluidic devices can address the reliability
issues of DBS, and in the last section, their manufacturing.
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5.1 Dried Blood Spots (DBS)

DBS is an alternative sampling method for small volume blood samples. The
method was invented in the beginning of 1900’s[197], and was widely adopted for
neonatal screening [198] in the 1960’s in Sweden and other countries. Over the last
10 years the use of DBS has spread to many other applications and gained in use.

DBS sampling is straightforward from a user perspective: a single drop of a
10–50 µl blood sample is added onto an absorbent paper and air dried for a few
hours under ambient conditions (see Figure 5.1). The dried paper can be posted
by normal mail without risk of contamination, since the drying damages the func-
tionality of viruses [199]. DBS can be stored at ambient temperature for periods
ranging from approximately 1 week for proteins [200] to 1 year for nucleic acids
[201].

For analysis of the DBS at the central lab, the spot is resuspended in a liquid
sample. An area specified sample of the spot is punched out relating to a spec-
ified blood volume in order to be able to obtain quantitative measure of analyte
concentration. The eluted liquid sample can be analyzed with a wide variety of bio-
analytical techniques, including as PCR based techniques, various immunobinding
based techniques, and mass spectrometry based techniques [202].

DBS have been employed in a number of fields such as epidemiology [203],
anthropology [204], and pharmacology [205]. It has been suggested and tested for
routine use in drug development studies [206], therapeutic drug monitoring [207],
toxicology [208], clinical trials [209], and even patient follow-up or diagnostics [210].
For many applications, DBS have the potential to increase the sampling frequency
and simplify the logistics, while reducing the inconvenience for patients and the
costs for health care providers [209].

a b c d

Figure 5.1. The use of Dried Blood Spot (DBS) sampling: (a) add sample, (b) let
it dry, (c) ship card for analysis. (d) Elution for analysis at the lab.

5.2 Problems with Dried Blood Spots

As DBS is getting more use in various fields and in more demanding applications,
issues with the reliability of these measurements have started to emerge. Most
notably, the variability of the quantitative results are high and the correlation to
gold standard techniques is often lower than desired. Several studies have identified
correlating factors to these variations [211–214].



5.2. PROBLEMS WITH DRIED BLOOD SPOTS 49

Chromatography effects

User dependent variations Hematocrit
size application

pos. neg.
Drying

Recovery

Analyte

Blood

Paper

Figure 5.2. Overview of problems with DBS, illustrated by side-view schematics
of the effects in paper.

However, in order to improve the performance of DBS based sampling tech-
niques, it is important to understand the underlying mechanisms for the variations.
The most important mechanisms are described in this section and illustrated in
Figure 5.2, including the contributions from Paper 9.

5.2.1 Spot inhomogeneity

For quantitative measurements, a specific volume of sample needs to be obtained.
This is done by only analyzing a fraction of the DBS, typically a round punch
with known area. However, several studies have found that the concentration of
analytes in DBS is inhomogeneous [211–217], hence punch size and punch location
are relevant for the analysis. The different mechanisms causing inhomogeneities of
analyte across the spot are summarized in Figure 5.2, and described below.

Chromatographic effects Chromatographic effects appear as the blood sample
is transported laterally through the paper. Particles and molecules travels faster
[215] or slower [216] than the mean sample velocity depending on their size and
their surface properties in relation to the pore-sizes and surface properties of the
paper medium [217]. Depending on the analyte of interest and the properties of the
paper, this can cause either an increase or decrease of analyte in the edge compared
to the central regions. Chromatographic effects on blood cells and plasma distort
the end result as the target analyte can have a higher or lower concentration in
cells than in the plasma (usually the latter) [215].
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Chromatographic effects were until recently the main explanation for the spot
inhomogeneity. If these effects indeed are the main contributors to spot inhomo-
geneity, possible improvements could be expected to be found by e.g. using materials
that decreases the chromatographic effects.

Drying As water molecules evaporate from the blood spot during drying, the air
humidity increases locally in the centre of the spot since the edges are surrounded
by dryer air. Evaporation is faster at lower humidity, hence water molecules from
the edges of the spot evaporates faster. Pinning of the liquid (due to contact angle
hysteresis) at the edge of the spot creates lower liquid pressure in the edges and
induces a liquid flow towards the edges. This liquid flow carries dispersed material
to the edge of the spot where it deposits, forming a shape similar to the “coffee-
stain” ring [218].

In Paper 9, the effect of drying is experimentally studied, and is shown to
depend strongly on environmental conditions such as air humidity, and DBS card
placement. The effect of drying can probably explain many of the results previously
assigned to chromatography, however chromatographic effects can still play a role
in the final inhomogeneity [219].

User dependent variations The process of how a blood sample is added to the
paper will affect the spot. These variations include the total volume added, how fast
it is added, correct placement, and if the user accidentally add pressure to the paper.
The variations are larger for self-collection than if a second, trained person performs
the procedure [210]. These factors can alter the influence of chromatographic effects
[215,217].

5.2.2 Hematocrit dependent variations

Hematocrit is a measure of the volume fraction of red blood cells in blood. It is
normally around 45% for men and 40% for women. Hematocrit levels have large
variations between individuals and are correlated to many other factors such as age,
physiological conditions and several diseases. Since many reference values have been
acquired through analysis of plasma or serum, variation in hematocrit effect their
correlations to DBS values [220].

The hematocrit level affects the spreading of blood on the paper, hence the
analyzed volume fraction [221]. The hematocrit also influence extraction recovery
[222] and spot homogeneity [212–214]. Therefore, hematocrit dependent variations
are considered as one of the main hurdles for DBS based measurements [222].

5.2.3 Incomplete analyte recovery

As described above, the DBS need to be re-suspended in liquid form before analysis.
This is done by incubation of a punch taken from the DBS in a solvent or in a
dedicated a flow-through system, pumping the solvent directly through the DBS
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[223]. Incomplete recovery is when not all analyte can be eluted from the paper
matrix, which is dependent on storage time and combination of analyte and type
of paper used [222].

5.2.4 Sampling dependent variations

Another factor for variation is the source of the blood sample, e.g. if it is capillary
blood or venous blood. Venous blood is the gold standard in clinical laboratory
analysis. Blood in larger veins can diffuse in all directions while blood in the
capillary vessels are more restricted, making those areas more sensitive to local
fluctuations. The concentrations of analytes from finger pricks can vary from one
drop to the next, including hematocrit [224]. The same study also showed that the
variations from finger prick samples can be reduced by collecting multiple drops

5.3 An autonomous blood sampling device

A strategy to address the problems with spot inhomogeneity and hematocrit de-
pendent variations is demonstrated in Paper 10. To solve the problem with spot
inhomogeneity, a specified volume is collected in the paper, allowing the complete
spot to be analyzed, nullifying any chromatographic or drying effects [225,226]. To
solve the problem with hematocrit dependent variations, only the plasma sample
is collected, effectively making it a Dried Plasma Spot (DPS). To minimize the ef-
fect of user dependent variations, the strategy is implemented into an autonomous
microfluidic device, where the user only has to add a droplet of blood. The addition
of blood initiates the autonomous process of plasma filtration, volume definition,
and storage of the plasma sample.

5.3.1 Design and function

Figure 5.3 shows the design of the device. Its main functionality depends on a
plasma separation membrane, a capillary channel, two dissolvable valves, and a
sheet of paper. The plasma separation membrane, onto which the blood sample is
added, facilitates the separation of plasma from blood cells. The capillary channel
of fixed dimension defines the specified volume, and features hydrophilic walls to
allow capillary filling of plasma into the channel. The paper collects the excess
volume at valve 1 and collects the metered volume at the outlet of valve 2. The
two dissolvable valves ensure that the excess volume is separated from metered
volume, by opening up in a controlled sequence: (1) the channel is filled with
plasma, (2) valve 1 is opened; absorbing the excess volume at valve 1 (3) valve 2 is
opened; collecting the metered plasma volume at the outlet of valve 2. Two other
features important for a working device is the wedge structure that ensures proper
connection for the leading plasma front from the plasma separation membrane to
the capillary channel, and the vent that allows air to escape as the channel fills.
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Figure 5.3. Autonomous sampling device. (a) Sketch of the design. (b) Sketch of
the autonomous process to obtain a volume metered dried plasma spot. (c) Photos
of the sampling device, before (top-view) and after use (bottom-view) with a plastic
backing for support.

Proof-of-concept testing of this design is performed in Paper 10, showing suc-
cessful collection of a volume defined dried plasma spot. The autonomous device
isolates a predefined volume of 4 µl within 3 minutes from the adding a blood
sample of 30-60 µl.

5.4 Manufacturing autonomous blood sampling devices

5.4.1 Prototype manufacturing

The above device is manufactured by patterning and laminating sheets of different
materials together. The device consists of: two patterned layers of hydrophilic
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polymer film, a patterned layer of spacer tape with a pressure sensitive adhesive on
both sides, a layer of DBS paper, a thin layer of water soluble poly vinyl alcohol
(PVA) film, and a blood plasma filtration membrane.

Polymer patterning The patterning of the two hydrophilic polymer films and
the spacer tape is done using a cutting plotter [109]. The spacer tape defines the
shape of the volume defining capillary channel, and the top and bottom layer of
hydrophilic polymer films define the vent and the valves, respectively.

PVA film PVA layer is fabricated by distributing a thin layer of PVA solution on
a flat substrate using a ductor blade and letting it dry. This process achieves flat
sheets in the desired thickness (improvement in size an yield over the spin coating
process used in Paper 10).

Assembly and bonding The layers can be bonded together by laminating the
polymer layers to the DBS paper. Last, the blood plasma filtration membrane is
attached at the inlet by the use of double sided adhesives.

hydrophilic film (top)

PVA

paper

hydrophilic film (bottom)spacer tape (middle)

plasma membrane

a

b c

Figure 5.4. Manufacturing of the device for volume-metered dried plasma spot
sampling. (a) Patterning of polymer films by cutting. (b) Lamination of layers. (c)
Final assembly.

5.4.2 Potential commercial manufacturing

The current design and manufacturing of the sampling device makes it potentially
suitable for roll-to-roll manufacturing, which is capable of very-large volume pro-
duction. The patterning of thin polymer layers can be done by roll-to-roll punching,
and lamination is ideally done in roll-to-roll. Correct thickness of the PVA film can
be achieved by using a ductor blade, potentially producing large areas. Some of
the challenges would be the handling of thin humidity sensitive PVA-films and the
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integration of the blood filters, which are relatively fragile compared to the other
layers and therefore potentially more difficult to adopt in roll-to-roll manufacturing.



Chapter 6

Conclusions

This thesis has made several contributions to microfluidics and Lab-on-a-Chip
technology in terms of novel materials, manufacturing technologies, microfluidic
components, and integrated devices.

For pneumatically driven Lab-on-a-Chip systems, the contributions are:

• Novel manufacturing methods of PDMS, enabling manufacturing of high den-
sity vertical interconnections and thin PDMS membranes.

• A novel elastomeric material (Rubbery OSTE+) with unique properties es-
pecially suitable for microfluidics. Manufacturing of microvalves in Rubbery
OSTE+ is demonstrated by both casting and direct lithography.

• The first leak tight vertical membrane microvalve. The design allows novel
cross-sectional geometries to be implemented that feature low resistance in
the open state while providing a leak-tight seal in the closed state.

• A novel approach for size based separation of particles using inertial micro-
fluidics in low aspect-ratio microchannels.

• Footprint area efficient parallelization of inertial microfluidics for increased
volumetric throughput during particle separation. The demonstrated parallel
channel designs allow straightforward integration with upstream and down-
stream processing.

• A novel method to separate bacteria from whole blood using microfluidic
selective cell lysis.

• An approach to integrate some of the above methods towards the specific
application of sepsis diagnostic is also presented and discussed. The discussion
highlights the need for devices and materials with high pressure tolerance, and
the need for sorting techniques of bacteria.
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For capillary driven microfluidic devices, the contributions are:

• A novel porous material (Synthetic Microfluidic Paper), which key proper-
ties, i.e. well defined geometries, large surface area, large porous fraction,
low variation in capillary pump performance, high optical transparency, and
chemically active surface, promise improved performance of autonomous di-
agnostic devices.

• Two novel approaches for precisely controlled positioning of reagents in Syn-
thetic Microfluidic Paper. Both approaches, self-aligned liquid spotting and
autonomous bead-trapping, are enabled by using multiple material porosities
in the same device.

For novel blood sampling methods, specifically Dried Blood Spots, the contributions
are:

• An increased understanding of the measurement variability in Dried Blood
Spot sampling, specifically of the contribution of the drying process on the
spot inhomogeneity.

• A novel microfluidics sampling device, capable of collecting a specified vol-
ume of plasma from small samples of blood, with the potential of reducing
measurement variability significantly compared to conventional Dried Blood
Spotting.
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